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Preparation of New (Co)polymers from an organo-based CO2 
valorization 
Abstract: Phosphaszene based organocatalysis was applied to prepare oligocarbonate from CO2 and 
cyclohexane oxide under very mild conditions. Modification of experimental conditions such as 
temperature, reaction time and co-catalyst content, reveal that the oligoccarbonate is a result of the 
polymerization of in situ generated cyclic carbonate. By changing the catalysis ratio, the product of 
oligo- and cyclic carbonates in selectivity is adjustable.  
Iodine-based binary catalytic system has been applied to prepare poly(trimethylene carbonate) (PTMC) 
from CO2 and oxetane in bulk. The results reveal that the nature of co-catalyst is prime important to 
the formations of products. A comparable high molar mass of PTMC was observed in presence of iodine 
and guanidine catalysis as characterized by size extrusion chromatography, while a unique selectivity 
of trimethylene carbonate (TMC) was found in the residue using iodine and phosphazene as catalysis. 
The mechanism of polymerization was proposed that PTMC was a result of the polymerization of in 
situ generated TMC. 
The preparation of TMC from CO2 and oxetane using iodine and ionic liquid catalytic system was 
studied. To enhance the selectivity and yield of TMC, temperature, co-catalyst, and solvent were 
investigated. Interestingly, the production of TMC and PTMC is controlled by temperature as catalyzed 
by iodine and ionic liquid. Importantly, the required energy to produce PTMC is only slightly higher 
than the one calculated by Darensbourg when applying the very efficient chromium salen catalytic 
complexes which provide useful information for the mechanism study with theoretical calculation. 
VII 
General introduction 
The increasing awareness of environmental protection and the depletion of fossil fuels has spurred 
the research for sustainable development. Over past decades, carbon dioxide (CO2), a non-toxic, 
abundant C1 feedstock, received a great deal of attention of both academic and industrial communities 
for value-added chemical synthesis. Although the full oxidized state and centrosymmetric structure of 
the CO2 molecule renders a relative inert activity, the development of catalysts promotes the synthesis 
of CO2-based chemical products such as cyclic carbonates, urethane, carboxylic acid, methanol, and 
polycarbonates. The replacement of conventional plastic materials, alongside with the promise of 
carbon fixation, provides an opportunity to use CO2 as a building block to polymer synthesis. As such, 
catalytic copolymerization of CO2 with other monomers such as epoxides and oxetane is studied 
extensively in presence of metal-based catalysts. However, the metal pollution of such catalysis, 
associated with the drawbacks of uneconomic multi-step synthesis, sensitivity towards oxygen, and 
health impact limits its wide utilization, especially in the fields of biomaterials and microelectronics. 
To provide a green approach for the replacement of its metal-based counterpart, organocatalysis, with 
the advantages of low toxicity, low cost and high availability, turns to be an option for CO2-based 
copolymerization recently.  
As such, it motivates us to develop a green synthetic route to CO2-based polycarbonate preparation. 
In this thesis, attempts of copolymerizing epoxide and oxetane with CO2 were studied respectively with 
the aim of exploring a controllable approach to provide CO2-based polycarbonate and its 
corresponding monomers.  
 
 
 
VIII 
Update and challenges in CO2-based polycarbonate synthesis  
Before presenting the research work of this thesis in detail, the recent progress of the catalytic 
synthesis of CO2-based polycarbonate including metal-based catalysis, polymerizable monomers, and 
the novel multi-block copolymer is summarized in the first chapter (Chapter I) (Figure I) to give a brief 
insight into this field of research. Moreover, organocatalysis is introduced and discussed mainly in 
comparison to its metal-based counterpart. 
 
Figure I. Graphic abstract of Chapter I (update and challenge in CO2-based polycarbonate synthesis). 
 
 
 
 
 
 
 
 
IX 
Organocatalyzed coupling of epoxide and CO2 using a phosphazene superbase 
Encouraged by the importance of CO2-based polycarbonate to replace conventional polymeric 
materials, alongside with the green chemistry development, the first doctoral project (Chapter II) 
focuses on the investigation of the coupling reaction of CO2 with epoxide in presence of a 
phosphazene-based catalytic system. The chapter provides an overview of the development of 
coupling CO2 with epoxide, which motivates us to develop a non-halogen catalytic system for CO2 and 
epoxide coupling. After the investigation of the screening catalyst, phosphazene, in combination with 
trans-cyclohexane diol, was applied to the coupling reaction. The reaction conditions such as 
temperature, reaction time and catalyst loading were studied to increase the yield of polymerizable 
monomers and oligo-carbonate. The desired oligocarbonate (Mn = 1,040 g·mol-1) was produced in 
presence of 8 equivalents trans-cyclohexane diol (related to phosphazene), which can be used as the 
agent for chain extension. Moreover, a plausible mechanism for such reaction was proposed.  
 
Figure II. Graphic abstract of Chapter II (Organocatalyzed coupling of epoxide and CO2 using a phosphazene 
superbase) 
 
X 
Organocatalytic synthesis of poly (trimethylene carbonate) from CO2 and oxetane 
After the effort that was devoted to the preparation of polycarbonate from CO2 and epoxide, the 
alternative oxygen-based heterocycle, oxetane, was selected for the copolymerization with CO2. The 
second project (Chapter III) (Figure III) first introduces the progress of catalytic synthesis of poly 
(trimethylene carbonate) from CO2 and oxetane. It also discusses the activation of oxetane and CO2 by 
metal-based catalysts as well as the first example of  oligo(trimethylene carbonate) synthesis using 
organocatalysts. This work, combined with past experience from our research group on the coupling 
of CO2 and epoxide under very mild conditions using iodine-based catalytic binary system, encouraged 
us to study the copolymerization of CO2 and oxetane. The research focused on the catalyst screening 
and modification of experimental conditions aiming to obtain the high molar mass copolymer. A poly 
(trimethylene carbonate) (PTMC) (Mn = 4,000 g·mol-1) with high carbonate content (up to 95 mol%) 
was produced in presence of I2 and guanidine superbase with a ratio of 1:1 under a 3 MPa CO2, at 
105 °C, for 7 days. Moreover, the plausible mechanism of such copolymerization was studied. The 
result suggests that the in situ generated TMC was polymerized following an active chain end 
mechanism.  
 
Figure III. Graphic abstract of Chapter III (Organocatalytic synthesis of poly (trimethylene carbonate) from CO2 
and oxetane) 
XI 
From selective formation of trimethylene carbonate to its “on-demand” polymerization: 
Impact of the iodine/ionic liquid cooperative catalytic system 
As the unique selectivity of trimethylene carbonate (TMC) was observed in the initial reaction 
period (< 5 days) in presence of iodine and phosphazene as catalysis, the coupling of CO2 and oxetane 
to prepare TMC with high yield using I2-based catalytic system could be realized. To prepare the CO2-
based product (cyclic monomer and polymer formation) in a controllable manner, the third project 
(Chapter IV) (Figure IV) focuses on iodine and the ionic liquid binary system. The study of catalyst 
screening, temperature, and solvent effect provides the optimal conditions to obtain TMC and its 
polymer formation. Up to 93 mol% selectivity of TMC with 93 mol% conversion of oxetane was 
observed in presence of I2 and tetrabutylammonium acetate as catalysis in dimethylformamide 
solution under a 3.0 MPa CO2, at 55 °C, for 96 h. Moreover, the energy barriers of monomer (TMC) and 
polymer (PTMC) were calculated on the basis of kinetic study: 36.93 kJ·mol-1 for TMC, and 49.94 kJ·mol-
1 for PTMC.  
 
Figure IV. Graphic abstract of Chapter IV (From selective formation of trimethylene carbonate to its “on-demand” 
polymerization: Impact of the iodine/ionic liquid cooperative catalytic system) 
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3 
1.1 Introduction 
Over the past century, plastics have revolutionized the industrial sector by allowing for the 
replacement of natural building blocks such as metal, wood and stone with cheaper, durable and 
adaptable synthetic materials.1 Although the benefits in materials’ evolution from plastic fabrication 
are numerous, the environmental stress of producing and disposing of such materials is acutely 
apparent. Currently, the majority of consumer plastics are manufactured from petroleum derived 
sources and the abuse of such fossil fuels is accelerating carbon dioxide (CO2) emissions leading to a 
warmer, more unstable global environment.2 Therefore utilisation of CO2 has received a great deal of 
attention and made great advances in recent decades, albeit converting CO2 as a synthon to high value-
added organic products is not the most efficient approach to mitigate CO2 levels.  
As compared to the highly reactive carbon monoxide (CO), both fully oxidized state and 
centrosymmetric structure of the CO2 render it relatively inert. The presence of the two 
electronegative oxygen atoms confers however to the carbon atom a somewhat electrophilic 
behaviour making it susceptible to undergo a nucleophilic attack.3 From a chemical perspective, CO2 is 
a sustainable, biorenewable, non-toxic and non-flammable C1 feedstock that could be valorized in a 
variety of chemicals .Those last include small molecules such as carboxylic acids, cyclic carbonates, 
methanol, or longer hydrocarbon chains (C5-C11)4, 5 but also polymeric structures.  
Hence, the efforts have been made to homopolymerize CO2 into poly(CO2)6, 7. While direct 
polymerization is possible by requiring formidably high temperature and pressure (4 × 104 MPa, 1800 
K)8, the process is entropically disfavoured converting ineluctably poly(CO2) into CO2 gas under normal 
conditions of temperature and lower pressure. For those reasons, using CO2 as a comonomer remains 
the only practical approach to incorporate CO2 into polymer structures.   
To prepare CO2-based copolymer, two technics have been developed in past coming years 
consisting on (i) preparing CO2-based monomer followed by a polymerization process (“monomer to 
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polymer” technic, M to P) and (ii) a direct “chain up” process of the CO2 with other comonomers. The 
“M to P” technic provides a wide range of polymer precursors9-11 associated with the advantage of 
using sublimed dry ice as CO2 resource. In return, by-products and uneconomical purification processes 
are generally involved in a time-consumed approach.10 As far as the CO2 “chain up” technic is 
concerned, polycondensation and ring-opening copolymerization (ROcP) have been used and reported. 
Although polycondensation methodology allow to prepare various product by the copolymerization 
CO2 with corresponding substrates such as diols,12 diamines, and dihalides,12-14 the drawbacks of 
uncontrollable polymerization, alongside with the concomitant by-products, plague the development 
of such method for potential industrial applications. In contrast, ring opening copolymerization CO2 
with heterocycles are highly desirable15 since few small molecule by-products is produced in a 
controlled manner.  
Typically, three or four-membered heterocyclic molecules (HC) such as epoxide (EP), oxetane, 
episulfide (ES) or aziridine (AD) which feature high ring strain are suitable comonomers in CO2-based 
ROcP. The association of CO2 and those comonomers by a “chain up” process requires a repeated cycle 
of two steps consisting on a nucleophilic attack of the ring-straight HC and the addition of CO2 from 
the ring-opened HC. (Scheme 1.1a). The driving force of the process is then entirely based on the 
cleavage of the C-X (X = N, O, S) bond which depends on the nature of the heterocyclic molecule ring 
strain energy (Er). As compared to the other comonomers, ES molecules present the lowest Er value (~ 
74.05 kJ·mol-1)16. which considerably reduces its reactivity with CO2.17 Comparatively EP (Er = 115.8 
kJ·mol-1),18 oxetane (Er = 103.7 kJ·mol-1)19 and AD comonomers (Er = 108.7 ~ 112.9 kJ·mol-1) 20 are 
sufficiently reactive to theoretically expect a “chain up” process with CO2 (Scheme 1.1b). 
Comparatively to others, the main drawback of a CO2/AD copolymerization, alongside with the issue 
of CO2-catalyzed homopolymerization of AD21, remains in the carbamic acid species produced during 
the process and resulting an uncontrollable copolymerization by the appearance of cyclic side-
products and some branched copolymer structures,22-24 Hence, the copolymerization of CO2 with EP 
Update and challenges in CO2-based polycarbonate synthesis 
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and oxetane to form aliphatic polycarbonates represent the most common routes to prepare polymers 
due to the high reactivity and the chemical tunability of oxygen heterocycles (Scheme 1.1b).25, 26 
 
Scheme 1.1. (a) Step-wise copolymerization of CO2 with heterocyclic monomer (b) The corresponding copolymer 
from CO2 and various heterocyclic monomers including general characteristics of those processes.  
Probably due to the relative high price of the raw materials and an inherent low reactivity of 
oxetane molecules (as compared to their 3-membered homologues, i.e. oxiranes),27-31 only few studies 
have been focused on oxetane/CO2 coupling processes  and reported so far in the state-of-the-art32, 33. 
In contrast, EP/CO2 copolymerizations have been studied extensively, not only for the superior ring-
opening activity of EP, but also for the economical synthesis of EP based on petroleum34 and biological 
resource35.    
The presented review will then focus on the progress realized in the preparation of cyclic carbonate 
synthons and aliphatic polycarbonate preparation from EP/CO2 copolymerization as catalyzed by 
metal- and organo-based catalytic systems. Very interestingly, such a field of activities is quite young 
since the first example of CO2/EP copolymerization dated back to 196936 and that the pioneering work 
of Baba et al. in oxetane  involved CO2 copolymerization was reported in 1984.37  
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1.2 Organometallic Catalysts 
To improve material properties and to lower the associated costs, catalyst development has 
become a primary focus in the synthesis of aliphatic polycarbonates from CO2 synthons. Metal-based 
catalysts have garnered the most attention since they often display superior catalytic activities, remain 
active under mild conditions, and are easily tuneable. Metals are particularly attractive as catalysts due 
to their versatile oxidation states and bonding modes (e.g. variability of co-ordination number and the 
ability to form both σ- and π-bonds).38 Moreover, such catalysts can be easily tuned to modulate 
activity and/or selectivity via ligand substitution where the electronics at the metal-center and overall 
coordination sphere can be altered. As such, both main group and transition metal catalysts have been 
extensively developed for CO2-based polymer synthesis. Before reviewing updates of metal-based 
catalysts, mechanism and kinetics should be discussed for the clear view of synthesis. 
1.2.1 Mechanism and kinetics of copolymerization  
General mechanism 
 The mechanistic aspects of metal-catalyzed CO2/EP copolymerisation were first investigated by 
Tsuruta and coworkers using diethylzinc (ZnEt2) as catalyst where the oxygen-metal (O-M) species 
(alkoxide) was found to be of prime importance in initiating the copolymerization.39 Briefly, direct 
copolymerization of CO2 and EP is initiated by a ring-opened EP (alkoxide) that can subsequently attack 
CO2 resulting in the formation of carbonate species (Scheme 1.2).  
 
Scheme 1.2. The initiation of CO2/EP copolymerization. 
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The ring-opening of the EP may experience different pathways depending on the nature of the 
terminal group regarding the electron donating or the electron withdrawing effects of dandling 
functions present on the 3-membered cyclic monomer. As examples, the electron-donating methyl 
function present on the propylene oxide (PO) will favor the EP to be opened by a methylene C-O bond 
cleavage, while electron withdrawing groups such as the aromatic phenyl of styrene oxide will prompt 
the methine C-O bond cleavage (Scheme 1.3).40 Note also that such cleavages may occur 
simultaneously during a polymerization process leading to the production of regioirregular 
structures.41  
 
Scheme 1.3. regio-favored C-O bond cleavage of EP with different substituents. 
Idealized copolymerization involves the cycling between these two species (alkoxide and carbonate) 
from the alternative insertion of EP and CO2 correspondingly to form the polycarbonates while 
undesired cyclic by-production, ether linkages and chain transfer reactions occur practically (Scheme 
1.4).   
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Scheme 1.4. The idealized propagation pathway of CO2/EP copolymerization. 
A common by-product in such co-polymerizations are five-membered cyclic carbonates (5CCs) that 
are often produced by back-biting reactions from the activated polymer chain (Scheme 1.4).42-44 The 
formation of 5CCs can be detrimental since they are thermodynamically stable (apart from trans-
cyclohexane carbonate (trans-CHC) species with large dihedral angel (29.7o, -O-C-C-O-)45 leading to 
high ring strain 46-48). However,  5CCs favor entropically driven polymerization at high temperatures (> 
100 °C), resulting in poly(carbonate-co-ether) with the concomitant release of CO2 (Scheme 1.5).49, 50  
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Scheme  1.5. The schematically representation of polymerization of 5CCs. 
Kinetic perspective 
Organometallic-based systems generally yield small amounts of 5CCs since the activation energy 
barrier of polymerisation (Ep) is lower than cyclic formation (Ec) (96.8 vs 137.5 kJ·mol-1 for Ep vs Ec)26. 
The coupling of EP/CO2 is a first-order process related to catalyst and EP concentration, while zero 
order dependence with respect to CO2 pressure.51-53 However, in Rieger’s dinuclear catalytic system, 
CO2 pressure dramatically affects the kinetic behavior of copolymerization. For low pressure conditions 
(0.5-2.5 MPa), the CO2 insertion is rate limiting as the reaction displays first-order dependence on CO2 
pressure and zero order dependence on EP assuming constant catalyst concentration. For 2.5 – 4 MPa, 
the order with respect to CO2 turns to zero while EP’s reaction order value is one. Conversely, in high 
pressure conditions (≥ 5 MPa), ring-opening of the EP monomer becomes the rate limiting step.52   
1.2.2 Main-group metal catalysts 
Main group metals, Mg, Al and Zn for instance, are attractive alternatives to transition metal-based 
systems due to their low toxicity and relatively high abundance. Recently, main group-based 
homogeneous catalysts that display sufficient activity for EP and CO2 co-polymerizations have been 
developed. 
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Mg Catalysts 
Williams and co-workers developed  a sophisticated bimetallic complex with macrocyclic ancillary 
ligands (Mg-I, Chart 1.1) displaying high activity for the cyclohexane oxide (CHO) and CO2 
copolymerization to yield poly (cyclohexane carbonate) (PCHC).54 Up to 750 h-1 TOF was observed, 
which is 20 times greater than previous Mg-based catalysts,55 at 0.01 mol% Mg-I catalyst loading (1.2 
MPa CO2 pressure at 100 °C) and without the production of the cyclohexane carbonate (CHC) by-
product. The decreased Lewis acidity and electropositive nature of magnesium contributes to a strong 
metal-carbonate bond that enhances the chain propagation over cyclic by-product formation. Notably, 
high carbonate content in the resultant polymer (> 99%) and near quantitative yields are even 
observed in the presence of excess exogenous water. This result is particularly important for industrial 
scale applications where air and moisture free processes are difficult and costly since many 
organometallic systems (e.g., cobalt-salen complexes) are deactivated in the presence of water.56-58   
Very recently, the commercially available dialkylmagnesium species (Mg-II, Chart 1.1) effectively 
catalyzed the isoselective CHO/CO2 copolymerization (up to 82% isotacticity), which is the first report 
of using an achiral catalyst to synthesize a stereo-controlled polycarbonate.59 The TOF was modest at 
0.1 MPa (6 h-1) and could be increased approximately tenfold (TOF = 62 h-1 at 1 MPa CO2), but with the 
cost of diminished tacticity control. 
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Chart 1.1. Representative magnesium-based catalysts for CO2/EP copolymerization. 
Al Catalysts 
After a triethylaluminium catalyzed EP/CO2 copolymerization was reported,60 numerous Al-based 
catalysts were developed with various ligands such as porphyrin,61 salophen,62 salen,63 dihydroxy-p-
tert-butylcalix[4]arene (DMCA).64 Porphyrin ligands have been ubiquitous in metal complexes for CO2 
copolymerizations because of their well-defined coordination modes and superior reactivity of the 
axial bond on the metal center that is perpendicular to porphyrin plane. Bifunctional porphyrin-Al 
complexes (AI-I, Chart 1.2) successfully yielded polycarbonates incorporating CO2.65, 66 By introducing 
electron donating substituents on the porphyrin ligand to modulate Lewis acidity at the aluminium 
center yielded high molecular weight polymers with decreased cyclic by-products as compared to 
ligands bearing electron withdrawing groups. Previously, aluminium-porphyrin systems produced low 
molecular weight polymers (Mn = 4.5 kg·mol-1).61 However, in another study, aluminium complexes 
bearing porphyrin ligands substituted with electron withdrawing fragments were more active and 
afforded polycarbonates with higher molecular weights (Mn = 33.5kg·mol-1 ,ĐM =1.05).67 Sugimoto and 
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coworkers investigated a series of aluminum chiral catalysts for the enantioselective copolymerization 
of CO2 and CHO.68 Al-salen complexes (AI-II, Chart 1.2) activated with tetraethyl acetate (Et4NOAc) 
afforded highly alternating copolymers, but with low molecular weights (Mn = 1.9 - 6.8 kg·mol-1, ĐM 
=1.14 - 1.22) and modest enantiomeric excesses (ee) up to 23%. Using similar reaction conditions, the 
selectivity of the reaction was increased by using Al β-ketoiminate complexes (Al-III, Chart 1.2) paired 
with a Lewis base (N,N-dimethyl-4-aminopyridine) co-catalyst (ee = 49%). The enantioselectivity was 
further improved to 80% ee by implementing a bisamine Lewis base co-catalyst conditions, however 
high molecular weight polymers remained elusive. More recently the synthetically simple 
triisobutylaluminium (TiBA) (Al-IV, Chart 1.2) catalyst coupled with lithium ions as an initiator catalyzed 
the synthesis of alternating polycarbonates in a controlled manner with moderate molecular weights 
(Mn = 19.6 kg·mol-1, ĐM =1.10).69 Another aluminium-based catalyst featuring aminephenolate ligands 
(Al-V, Chart 1.2) produced moderate molecular weight copolymers from CHO and CO2 (Mn = 29 kg·mol-
1, ĐM = 3.16) although only 54% carbonate content was found in the resultant materials. 70 This non-
alternating structure with enhanced ether content is likely a result of the off-target coordination 
between the aluminum center and heteroatoms of the ligand that serve to inhibit insertion of 
carbonate anion.  
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Chart 1.2. Representative aluminium-based catalysts for CO2/EP copolymerization. 
Zn Catalysts 
Although zinc shares characteristics of both main-group and transition metals, it is better defined 
as main-group metal due to similarities with magnesium in terms of atomic size and preferred 
oxidation state.71 Zinc-based catalysts (diethyl zinc/H2O) were already used for the CO2/EP 
copolymerisation in 1969 and their related interest continued to grow due to the abundancy of such a 
metal.39 The dinuclear zinc structure bearing a macrocyclic ancillary ligand (Zn-I, Chart 1.3) 
demonstrates remarkable activity in the CO2/CHO copolymerization at only 0.1 MPa CO2.72-76 Attempts 
to probe the mechanism of Zn-I catalyzed processes by experimental and computational methods  
have revealed that the coordinated epoxide undergoing the nucleophilic attack from carbonate group 
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bound to the zinc metal center is the rate-determining step.77, 78 The continue work using 
heterodinuclear (Mg and Zn) catalyst is benefitted with co-catalysts free, lack of colours and high 
activities in comparison with homodinuclear center.79 Asymmetrical β-diketiminate-based Zn catalysts 
(Zn-II, Chart 1.3) have also displayed high efficiencies in CO2/CHO copolymerizations (TOF = 814 h-1) 
when using modest CO2 pressure c.a. 1 MPa.80, 81 More recently, Rieger and co-workers developed β-
diiminato containing Zn complexes (Zn-III, Chart 1.3) active in copolymerization of CO2 with various 
epoxides including CHO, propylene oxide (PO), styrene oxide (SO), limonene oxide (LO), octene oxide 
(OO) and epichlorohydrin (ECH) with CO2.52, 82, 83 Extremely high catalytic activity (TOF = 5520 h-1) was 
observed at moderate pressure (4 MPa CO2) which is a promising result for potential industrial 
applications. A reported novel di-zinc catalyst bearing heteroscorpionate ligands (Zn-IV, Chart 1.3) 
yielded CHO/CO2 copolymers with Mn = 39 kg·mol-1 at 4 MPa CO2 after 48 h.84  
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Chart 1.3. Representative zinc-based catalysts for CO2/EP copolymerization. 
Although CO2/CHO copolymers are often used as a standard in academic investigations, they are 
not likely to replace commodity plastics because of inferior thermal and mechanical properties (Low 
Tg and elasticity).85, 86  However, the introduction of a third comonomer to produce terpolymeric 
architectures provides access to materials with a broader range of thermal and mechanical properties 
that could compete with modern thermoplastics (polypropylene for instance). Consequently, interest 
in terpolymer structures is increasing and Zn based catalysts have shown great promise in this area. 
Using Zn-I complexes in presence of an yttrium initiator, a novel triblock copolymer (poly(lactide)-b-
poly(cyclohexane carbonate)-b-poly(lactide)) was successfully prepared featuring two distinct glass 
transition temperatures (Tg = 60 & 80 °C)(Scheme 1.6).87  
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Scheme 1.6. Copolymerization of CHO and subsequent block copolymerization with lactide. 
A similar study of poly (ε-caprolactone)-b-poly(cyclohexane carbonate)-b-poly(ε-caprolactone) was 
carried out in one-pot, two steps synthesis by combining CHO, CO2, and ε-caprolactone (CL) in presence 
of Zn-I.88 Rieger reported the synthesis of flexible triblock poly(cyclohexane carbonate)-b-
poly(dimethylsiloxane)-b-poly(cyclohexane carbonate) using poly(dimethylsiloxane) as chain transfer 
agent catalyzed by Zn-III to overcome the brittleness of poly(cyclohexane carbonate).89  
 Usually a triblock CO2 copolymer synthesis requires a multi-step manipulation and poly-diol as a 
macro-initiator resulting in fixed sequent block component which are, to some extent, uneconomic 
and time-wasted approaches with limited applications.  Finding block copolymer in the way simple 
manipulation is promising to industrial scale utilization of the CO2 resource. Thanks to the catalyst 
developments, tuning CO2 pressure to control the sequence of copolymer turns out to be a reality. 
Moreover, Zn-V complexes have been applied to the synthesis of sequence controlled terpolymers 
where CO2 pressure was leveraged as a chemoselective agent in a one-pot synthesis.90 When 
subjecting the mixture to low pressure (0.3 MPa CO2), a statistical terpolymer consisting of β– 
butyrolactone (β-BL), CO2, and CHO was produced (Mn = 69 kg·mol-1, ĐM =1.60). The block terpolymer 
(poly(β-BL)-b-poly(CHC)) (Mn = 146 kg·mol-1, ĐM =1.20) was obtained by tuning CO2 pressure in the way 
of presenting high pressure (4 MPa) and releasing CO2 atmosphere. 
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Williams and coworkers have leveraged Zn-I and similar dinuclear catalysts to afford control over 
the polycarbonate microstructure when using a mixed monomer feedstock where monomer reactivity 
was dependent upon nature of the polymer chain-end (Zn-O bond).91-93 Similarly, Williams and 
coworkers reported a series of sequence-controlled copolymers from a four component mixture 
containing CL, CHO, phthalic anhydride (PA) and CO2. Various copolymers were obtained in a one-pot 
methodology including semi-, full aliphatic polyesters, poly (ester-b-ester), polycarbonates and poly 
(ester-b- carbonate) by the advantage that the catalyst can switch between distinct polymerization 
cycles (Scheme 1.7).93 The ability to rationally tune the polymer microstructure from monomer 
mixtures is a significant advancement and is particularly suited for industry applications since it affords 
access to numerous architectures in a straightforward and, potentially, cost-effective manner.  
 
 Scheme 1.7. Four exemplary monomers and the range of polymer products produced using chemoselective 
catalysis. 93  
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1.2.3 Transition metal catalysts 
Transition metal catalysis continues to be a cornerstone in most synthetic applications because of 
the high versatility imparted by predictable oxidation-state switching and easy structural tuning 
enabled by ligand development and substitution.94 Furthermore, transition metal complexes are 
generally more resistant to oxidative and/or hydrolytic degradation that plague many main-group 
catalytic systems. The glaring weakness of transition metal catalysis is that the natural abundance of 
transition metals is extremely low making them quite expensive and hampering their sustainability.95 
Nevertheless, efforts to improve the recyclability of such catalysts and increase catalytic efficiencies 
should lessen raw material requirements. 
Co catalysts 
Organometallic cobalt complexes have been particularly effective at catalyzing CO2 
copolymerisations since cobalt possesses a strong Lewis acidity and adopts a variety of oxidation states. 
Some of the most studied complexes feature tetradentate – salen ligands58, 96-101 and tetraaza 
macrocycles – porphyrin67, 102-107 with CoIII metal centers.  
Lu and Darensbourg first reported the preparation of moderate molecular weight (Mn = 25.9 kg·mol-
1, ĐM = 1.07) alternating CO2/epichlorohydrin (ECl) copolymers using CoIII-based catalysts (Chart 1.4, 
Co-I and Co-II).108 ECl is a notoriously challenging monomer since under high temperature (25 °C) 
chloride elimination is significant contributing to the formation of cyclic carbonate species so the 
activity of the cobalt species was critical with polymerization occurring below ambient temperatures 
(0 °C).   
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Chart 1.4. Representative cobalt-salen complexes. 
Copolymerization of indene oxide (IO) and CO2 with mild reaction conditions using Co-II & Co-III has 
also been reported (Scheme 1.8).109 To obtain high molecular weight, the copolymerization was 
performed at 0 °C with low catalyst loading (0.1 mol%) since cyclic carbonate formation is 
thermodynamically  favored. Although low catalyst loadings (0.1 mol%) led to correspondingly longer 
induction periods of such binary catalyst system, the resultant polycarbonate was still isolated with 
reasonable properties (Mn = 9.7 kg·mol-1, ĐM = 1.09, Tg = 138 °C). Using Co-III and Co-IV), the substrate 
scope was expanded to include butene oxide (BO)/CO2 (poly(trans-2-butene carbonate), Mn = 13.9 
kg·mol-1, ĐM = 1.05, after 24 h) 110 and cyclopentane oxide (CPO)/CO2 111 (poly(cyclopentane carbonate), 
Mn = 23.5 kg·mol-1 ĐM = 1.06, after 5 h as well. 
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Scheme 1.8. The copolymerization of indene oxide and CO2 in presence of Co-II or Co-III. 
Although saturated analogues are not very amenable to post-polymerization modifications, the 
introduction of unsaturated units (e.g. alkenes) into the polymer chain112 that can be derivatized via 
thiol-based click chemistry113 (Scheme 1.9). The cobalt catalyzed copolymerization of cyclohexadiene 
oxide (CHDO) and CO2 afforded high molecular weight poly(cyclohexadiene carbonate) (Mn = 35.9 
kg·mol-1) with good thermal properties (Tg = 123 °C) which is slightly higher than saturated 
polycarbonate (Tg  = 116 °C). The replacement of cobalt in Co-IV scaffold with zinc or magnesium was 
also investigated, but the cobalt catalyst displayed superior performance (TOF = 65 h-1) affording a 
polymer with higher molecular weight and lower dispersity (Mn = 12.9 kg·mol-1,ÐM = 1.18).114 
Regiochemistry has also been investigated in the CHDO/CO2 system by examining the effect of the 
alkene placement (1,3-CHDO versus 1,4-CHDO).115 Co-polymerizations with 1,3-CHDO displayed 
increased reaction kinetics and yields (40.8% selectivity of polymer and 100% conversion for 1,3-CHDO) 
while the inferior catalytic activity was observed for 1,4-CHDO/CO2 (36.6% selectivity of polymer with 
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57% conversion for 1,4-CHDO), albeit poly(1,3-cyclohexadiene carbonate) features a slight lower Tg 
(104 – 108 °C) than poly (1,4-cyclohexadiene carbonate) (Tg = 123 °C).  
 
 
Scheme 1.9. Representative functional polycarbonate synthesis using cobalt-salen complexes. 
Similarly to the zinc catalyzed synthesis of poly(lactide)-b-poly(carbonate)-b-poly(lactide) 
materials,87 CoIII catalysts have also found utility in the preparation of triblock CO2-based polymeric 
materials (Scheme 1.10). Both propylene oxide (PO)116 and styrene oxide (SO)117 were copolymerized 
with CO2 to form ABA-type block copolymers with a degradable carbonate-containing block, 
respectively. Building upon this concept more complex co-monomers such as allyl glycidyl ether118 or 
cyclic phosphates119 were also successfully copolymerized with CO2 to form the polycarbonate block. 
These studies highlight a promising route to CO2 incorporation into functional materials. Moreover, 
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the advantages imbued by the simple one-pot synthesis and monomer diversity should make this 
method attractive to industry interests. 
 
Scheme 1.10. One pot synthesis of poly carbonate-b-ester from CO2, epoxide, and lactide. 
While CoIII-salen complexes have been widely used for epoxide/CO2 copolymerizations, dinuclear 
systems also demonstrate high activity yet operate by a distinct mechanism relative to the single-site 
cobalt complexes. A dinuclear cobalt catalyst with a macrocyclic ancillary ligand yielded a copolymer 
from CO2/CHO under mild conditions (0.1 MPa CO2).120 Unlike the alternating insertion of CO2 and 
alkoxide in single site systems, Williams and coworkers have proposed a different catalytic cycle when 
dinuclear catalysts are employed where the ligated epoxide on one metal center attacks the 
neighboring cobalt ligated to the carbonate polymer chain-end. 
Due to their facile synthesis and ease of handling porphyrin ligands have been widely investigated 
in cobalt complexes for CO2 copolymerizations. Rieger and coworkers demonstrated facile tuning of 
catalytic activity in single metal cobalto-porphyrin complexes where electron withdrawing substituents 
on the periphery of the porphyrin led to only cyclic carbonate formation while substitution with 
electron donating groups (e.g. alkoxy group) afforded a catalyst that yielded high molecular PO/CO2 
copolymers (Mn = 46.5 kg·mol-1, ÐM = 1.20) at 30 °C. Following the studies involving single-site cobalt-
porphyrin complexes, dinuclear complexes were synthesized and examined in CO2 
copolymerizations.121 In contrast to dinuclear cobalt-salen species, unfortunately, no rate 
enhancement or increase in polymer formation was observed when bis-para-tethered dinuclear 
complexes were employed for the CO2/PO copolymerization suggesting that polymer growth proceeds 
from one metal center. For the bis-ortho-tethered porphyrin, due to steric constraints, the 
polymerization was even more sluggish, and the cyclic carbonate was the predominant product. As 
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suggested by UV/Vis and NMR experiments it is likely the CoIII-alkoxide species hydrolyzes and forms 
an inactive CoII species.121, 122 Polymer formation is still possible if CO2 insertion occurs and forms the 
more stable cobalt-carbonate complex (Scheme 1.11), which is not as pronounced as in CoIII-salen 
complexes.45 
 
 Scheme 1.11. The possible propagation route and deactivation pathways for CoIII catalyzed CO2/PO 
polymerizations (where P represents the growing polymer chain).123 
Cr catalysts 
Salen-chromium complexes109-112, 124, 125 perform markedly worse often leading to lower amounts of 
polymer formation and diminished catalytic activity as compared to their cobalt analogs. The same 
general observation is apparent for thio-ligated chromium catalysts as well.126, 127 It has been 
hypothesized that this is a consequence of the larger spherical volume of six-coordinate Cr relative to 
Co that serves to assist  back-biting  along the polymer chain.128 To overcome this issue, a chromium 
catalyst featuring a less sterically hindered salen-type ligand (Cr-I) was investigated in the 
copolymerization of 1,4-dihydronaphthalene oxide (DNO) and CO2 (Scheme 1.12).129 The planar 
geometry of the azaannulene ligand opened up the coordination sphere around the metal center and 
allowed the polymerization to proceed to 63% conversion with only 11 % cyclic carbonate formation 
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(TOF = 23 h-1). A chromium complex bearing the classic salen ligand (tert-butyl substituents) (Cr-II) 
resulted in poor conversion (32 %) and larger amounts of cyclic carbonate by-product (39 %) with low 
TOF (11 h-1). 
 
Scheme 1.12. The copolymerization of 1,4-dihydronaphthalene oxide and CO2 using Cr-I or Cr-II. 
Kozak developed a series of CrIII amine-bis(phenolato) (ABP) catalysts (Cr-III, Chart 1.5) for CO2/CHO 
copolymerizations to yield moderate molecular weight polycarbonate (Mn = 13.1 kg·mol-1, ĐM = 1.40) 
in just 24h at low catalyst loading (0.2 mol% Cr and 0.1 mol% co-catalyst).130, 131 Both trans and cis 
geometries feature an accessible, vacant coordination site that allows an ionic species to coordinate 
with the metal center. Although the chloride-bridged dimer was isolated and confirmed by X-ray 
diffraction, it is likely that the monometallic, five-coordinate complex that is ligated by ionic cocatalysts 
(e.g. azide, chloride) is involved in the catalytic cycle since the cocatalyst and CrIII dimer afford a 
heterogenous mixture in CHO. Cr-III with co-catalysts are also active in the copolymerization of CO2 
with PO with decent activity (TOF = 48 h-1) at low temperature (25 °C).132 
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Chart 1.5. The steric formation of Cr-III catalyst and proposed monometallic geometries. 
In a follow-up study two similar chromium complexes featuring either a tridentate and tetradentate 
ligand were synthesized by replacing the pridyl arm of Cr-III with either a non-coordinating benzyl 
moiety (Cr-IV, Chart 1.6) or a weaker tetrahydrofuranyl donating group (Cr-V, Chart 1.6) in 2014.133 
Overall, the tridentate complex resulted in lower molecular weight polymers (Mn = 3.8 kg·mol-1, ĐM = 
1.48) likely due catalyst instability while the tetradentate ligand afforded better results (Mn = 6.4 
kg·mol-1, ĐM = 1.42). Notably, Cr-V still performed worse than Cr-III likely due to the weaker donating 
ability of the ethereal oxygen in the tethering group, thus highlighting the critical importance of ligand 
tuning.  A recent work from Kozak and co-workers described a new complex where the tetrafuranyl 
moiety in Cr-IV was replaced with a more donating amino group (Cr-VI, Chart 1.6) which led to an 
improvement of the CO2/CHO copolymerization furnishing a controlled, high molecular weight 
polycarbonate (Mn = 35 kg·mol-1, ĐM = 1.12).134  
Chapter I  
 
 
 
26 
 
 
Chart 1.6. Representative complexes of chromium with tridentate and tetradentate ligands. 
Cr-porphyrin complexes have also been screened in the synthesis of CO2-based polycarbonates.107, 
135 When compared to the main-group containing Al-porphyrin counterparts66, the catalytic activity of 
chromium complexes are less dependent upon CO2 pressure since CO2 insertion is more favorable due 
to the high oxidation state  (III) of the chromium in the organometallic complex (3 MPa CO2 Al-
porphyrin vs 0.1 MPa CO2 Cr-porphyrin).107 Furthermore, porphyrin containing chromium catalysts 
generally display better kinetics (TOF = 150 h-1) than similarly structured aluminum (TOF = 73 h-1)  or 
cobalt analogues (TOF = 140 h-1)  which is probably due to higher polarity, and thus reactivity, of the 
M-O bond.105 
Fe catalysts 
Since iron is one of the most Earth-abundant metals, there are considerable financial and 
environmental motivations to develop catalytic systems with comparable activity to the robust 
transition metal-based catalysts. Nozaki has reported the copolymerization of various epoxides such 
as PO, CHO, and glycidyl phenyl ether (GPE) with CO2 in presence of Fe-corrole catalysts (Fe-I, Chart 
1.7).136 However, the CO2 incorporation in the resultant polymers is minimal (9%) at 60 °C, under 2 
MPa CO2 for 1 h resulting in a polymer backbone that resembles a polyether. Another Fe-based catalyst 
(Fe-II, Chart 1.7) displayed switchable polymerization behaviour (selectivity for cyclic vs. linear 
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topology).137 By increasing the ratio of co-catalyst (tetrabutylammonium halide, Bu4NX, X = Cl, Br, I), a 
cyclic polymer was preferred as the nucleophile rapidly replaced the M-OCO2 adduct, thus inhibiting 
propagation. In contrast, low catalyst loading of both Fe-complexes and corresponding halide (Fe-II: 
TBACl = 1:1, 0.5 mol%) promoted a linear structure even when supercritical CO2 (8 MPa) was employed 
as the reaction medium at 85 °C for 3 h.  
 
Chart 1.7. Representative complexes of iron with corrole (Fe-I) and triphenolate ligands. 
Ni catalysts 
Ko and co-workers pioneered nickel-catalysed epoxide/CO2 co-polymerizations.138-142 The imine-
chelated complex (Ni-I, Chart 1.8) proved remarkably active, without a co-catalyst, in the ROcP  of 
CO2/CHO (TON = 2484, TOF = 38.7 h-1, Mn = 47.7 kg·mol-1, ÐM = 1.19 ).138 By modifying the imine moiety 
to a tertiary amine, the resultant nickel catalyst (Ni-II, Chart 1.8) displayed increased the stability and 
efficiency (TON > 4000) under similar reaction conditions.139 The same catalyst (Ni-II) also performed 
well when the alkene containing monomer 4-vinyl-1,2-cyclohexane oxide (VCHO) was used thus 
showing the potential to create a functional polycarbonate. Following this study, the acetate bridge in 
Ni-I was substituted with a trifluoroacetate linker (Ni-III, Chart 1.8) and higher efficiency was observed 
(TON = 1728, TOF = 432 h-1).140 Other modified Ni-based  catalysts with Schiff base ligands (Ni-IV, Chart 
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8)141 or carbene ligands (Ni-V, Chart 1.8)142 have displayed some catalytic activity in CHO/CO2 
copolymerizations (Ni-IV, TON = 840 and Ni-V, TON = 280) but these metrics are relatively low 
compared to the salen-type  Ni complexes (Ni-I, Ni-II and Ni-III).  
 
Chart 1.8. Representative Ni-based complexes for CO2/epoxide copolymerization. 
Ti, Zr, Hf Catalysts 
Group IV transition metal complexes (Ti, Zr, and Hf) were only recently explored in CO2-based 
copolymerization reactions, but they have proven remarkably effective thus far. The first use of 
tetravalent group IV catalyzed copolymerization of CO2/PO was demonstrated in 2011.143 Although N-
heterocyclic carbene (NHC) bears lone electron pair which can serve as a ligand, ease of dissociation 
from metal center to destabilize metal-ligand complexes hinds the utilization of NHC in 
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organometallics.144 Such dissociation can be overcome by the introduction of anionic tethers moieties 
to NHC.145 Ti catalysts bearing bisanionic NHC pincer ligands (Ti-I, Chart 1.9) or (Ti-II, Chart 1.9) were 
investigated in CO2-based copolymerizations and in the absence of co-catalysts (organic halide), only 
the polyether was observed.146, 147  
 
Chart 1.9. Representative Ti-NHC complexes for CO2/CHO copolymerisation. 
Le Roux postulated that six-coordinate Ti complex served as a crucial intermediate species in the 
mechanism of polycarbonate formation after anion exchange (Cl or OiPr from the co-catalyst), since 
the addition of neutral co-catalysts like 4-Dimethylaminopyridine (DMAP) did not afford a 
polycarbonate (Scheme 1.13). 146 
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Scheme 1.13. The proposed mechanism of Ti-catalyzed CO2/CHO copolymerization 
The catalytic system was further improved by substituting the halide co-catalyst with bulkier anions 
including benzyl oxide (OBn), acetate (OAc), azide (N3) and tri-tert-butyl silicate oxide (OSi(OtBu)3) 
(Figure 1.1).148 In the presence of large organic salts - bis(triphenylphosphine)iminium (PPN) chloride 
or azide (PPNCl or PPNN3), the copolymerization CHO and CO2 was carried out under low CO2 pressure 
(0.05 MPa) resulting in polycarbonate (Mn = 7.7 kg·mol-1, ĐM = 1.54) within 15 minutes, albeit the 
overall conversion remained low (< 35%) even after prolonged reaction times.  
 
Figure 1.1. Synthetic route of Ti-based catalysts with various anions. 
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The scope of salen-based catalysts was expanded by introducing Ti as the active metal center (Ti-
III, Chart 1.10).149 However, when applied in a CO2/CHO copolymerization, only modest molecular 
weight polycarbonate was observed (Mn up to 6.3 kg·mol-1) at 4 MPa CO2 and 60 °C after 20 h. 
Moreover, the coordinatively saturated Ti-salen complex (Ti-IV, Chart 1.10) only afforded cyclic 
carbonate, even in the presence of PPNCl. It confirmed the conclusion of Erwan and coworkers who 
had also implicated this nucleophile exchange from co-catalysts as a crucial pathway toward chain 
propagation.146 They also found that Ti with dianionic ligand served as salen complexes (Ti-V, Chart 
1.10) bring more considerable catalytic activity (TOF = 577 h-1 for 1 h) than the complexes of Ti with 
trianionic ligand (Ti-III) (TOF = 41 h-1 for 8 h).150 
 
Chart 1.10. Representative Ti-salen complexes for CO2/CHO copolymerisation. 
A heterodinuclear Ti/Zn catalyst was recently reported, however, only low molecular weight 
polycarbonates were produced (Mn = 2 kg·mol-1, ĐM = 1.35).151 It is possible that the poor activity is due 
to minimal active polymer chain exchange between the Ti and Zn center similarly to the dinuclear 
mechanism proposed for the dinuclear zinc catalysts.151 Nevertheless, other complexes that feature 
half salen ligands paired with Ti, Ti-Ti, or Zr-Zr metal centers (Ti-VI, Ti-VII or Zr-I, Chart 1.11) have 
exhibited better activity and control (for polyCHC, Mn = 15.2 kg·mol-1 and 84% carbonate content) for 
a wide substrate scope (including LA,ε-CL, CHO, PO and SO).152  
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Chart 1.11. Representative dinuclear complexes of Ti, Zr for CO2/epoxide copolymerisation. 
Le Roux and coworkers have reported Zr-NHC complexes (Zr-II, Chart 1.12) for the synthesis of 
poly(CHC).153 Unlike the sluggish performance of the Ti-NHC/DMAP catalytic system, the Zr-
NHC/DMAP species  was more active potentially due to the larger coordination sphere of zirconium 
where both anion and neutral co-ligand were accommodated to form a stable six-coordinate species. 
A Zr-salen catalyst (Zr-III, Chart 1.12) was also active for various polymerization pathways, including 
the ROP of LA, ε-CL and epoxides or the ROcP of CO2/epoxides where moderate molecular weight 
polycarbonates (Mn = 16.02 kg·mol-1, ĐM = 1.09) were produced under relatively mild reaction 
conditions (50 oC, 3.5 MPa CO2).154  
The benzotriazole phenolate (bis-BZH) chelating species was used to form various group IV (Ti, Zr, 
Hf) complexes possessing ethereal bridges. The catalysts were assessed for activity in both ROP of LA 
and ROcP of CO2/CHO and Zr-bis-BZH complexes displayed decent performance (TOF = 6.8 h-1) for CO2-
based polycarbonate synthesis as compared to Hf analogues (TOF = 3 h-1).155 Tetra-benzotriazole 
phenolate(BZH) group IV complexes were also investigated in CO2/CHO copolymerizations with the Zr-
based catalyst (Zr-IV) again outperforming the group IV analogues to afford a controlled (ĐM = 1.28)  
polycarbonate with moderate molecular weight (Zr-IV Mn = 8.6 kg·mol-1 , 93 % carbonate content vs 
Hf-BZH Mn = 4 kg·mol-1 76 % carbonate content vs Ti-BZH, Mn = 0 kg·mol-1). The order of reactivity for 
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the complexes follows Zr ~ Hf > Ti possibly explained by the larger atomic radii of Zr and Hf opening up 
the coordination sphere relative to the smaller Ti metal center.156    
 
Chart 1.12. Representative Zr-based complexes for CO2/epoxide copolymerization. 
Lanthanide Catalysts  
Compared to the large amount of investigations involving transition metal complexes, lanthanide 
catalysts have been largely ignored. Nevertheless, many lanthanide complexes can possess superior 
air-stability relative to transition metal species and this should provide a great advantage in CO2 
copolymerization processes. Dy Schiff-base complexes (Dy-I, Chart 1.13) were robust catalysts (TON 
=1620) for CO2/CHO copolymerization yielding moderate molecular weight polycarbonate (Mn = 22 
kg·mol-1) under optimized conditions (3.44 MPa CO2, 100 °C), albeit the dispersity (ĐM = 2.02~5.69) was 
quite high indicating some chain termination or transfer processes.157  
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Chart 1.13. Representative lanthanide-based catalysts for CO2/epoxide copolymerization. 
Inspired by the salen dinuclear complexes from Williams’ group, mixed heterometallic structures 
featuring a lanthanide (Ln) and main group metal (Zn) paired with a macrocyclic tri(salen) ligand (La-I, 
Chart 1.13) were discovered to possess the unique property of rapid inter-/intra-molecular acetate 
ligand exchange.158 By screening lanthanide metals the Ce/Zn complex exhibited superior catalytic 
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performance (TOF = 370 h-1). Telomerization of CO2/CHO copolymerization was successful by adjusting 
the amount of acetate counterion resulting in a polymer with “controllable” molecular weight.  
The heterometallic (Nd/Zn) complex (Nd-I, Chart 1.13) afforded extremely high molecular weight 
(Mn = 295 kg·mol-1, ĐM = 1.65) polycarbonates in 12 h under mild conditions (25 oC, 0.7 MPa CO2).159 
The molecular weight of the resultant polymer was found to be extremely sensitive to reaction 
temperature with Mn ~ 50 kg·mol-1 at 70 oC and even lower at higher temperatures. It was surmised 
that at elevated temperatures, the catalyst could also degrade the polymer backbone since there is an 
equilibrium between propagation and depolymerization favours the latter as the temperature 
increases. Ytterbium-salen complexes (Yb-I, Chart 1.13) paired with halide co-catalysts were active for 
CO2/CHO copolymerizations yielding with optimized conditions yielding a polycarbonate with Mn = 
11.4 kg·mol-1 at 2 MPa CO2 and 70 oC.160 Other lanthanides (Sc, Y) were also substituted for Yb in the 
same organometallic framework, but they displayed inferior activity.  
Cu Catalysts 
Although Cu organometallic complexes have been widely studied as both small molecule and 
polymerization catalysts, they are relatively unexplored as CO2/epoxide co-polymerization catalysts 
with only one such study reported by Ko and co-workers that demonstrated unremarkable results (TOF 
= 11.5 - 18.8 h-1).161 
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1.2.4 Novel Cyclic Carbonate Monomers derived from CO2  
Although direct incorporation of CO2 into macromolecular architectures by copolymerization 
strategies is a straightforward strategy to sustainable polymers, an alternative method to incorporate 
CO2 into polymers is to use it as a reagent in the synthesis of cyclic carbonate monomers from naturally-
derived alcohols. Initially, five-membered cyclic carbonates (5CC) were investigated as precursors to 
polycarbonates, however, the ring opening is unfavorable without the elimination of CO2. As such, 
attention has turned to six-membered cyclic carbonates (6CCs) that can undergo controlled ROP using 
either metal- or organo- catalysts.162, 163 The strategy does not simply increase the valorization of CO2, 
but broadens the functional group scope of the resultant polycarbonates potentially leading to new 
materials with interesting thermal and/or mechanical properties.  
 
Scheme 1.14. Synthesis of six-membered cyclic carbonates from the corresponding diol substrates. 
One of the most common routes to 6CCs is the Cerium(IV) oxide (CeO2)/2-cyanopyridine catalyzed  
coupling of CO2 and various diols (Scheme 1.14).9, 11 The mechanism was proposed as the 
deprotonation of one OH group by Lewis acid sites of CeO2 forming cerium alkoxide in first, following 
with the carbonation of alkoxide from CO2 insertion and the nucleophilic attack of the other OH 
resulting in cyclic carbonate and H2O, side product, that was diminished by 2-cyanopyridine hydration 
over CeO2 (Scheme 1.15). Many substrates with CO2 are converted to 6CC in presence of CeO2 (Chart 
1.14) which can be transformed into polycarbonate potentially.  
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Scheme 1.15. Proposed mechanism of 6CC synthesis from diol and CO2. 9  
 
Chart 1.14. The library of six-membered cyclic carbonate from CO2 and diol substrates. 9 
After the pioneering trimethylene carbonate (TMC) synthesis using oxetane and CO2 from Baba37, 
164 and Darensbourg165, Kleij’s group developed an aluminum (AI-VI, Chart 1.15) catalysed coupling 
reaction between a heterocyclic oxide and CO2.33 The reaction method is particularly effective for the 
synthesis of functional 5CCs and TMC. However, the coupling reaction to produce a 6CC using CO2 and 
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3,3-dimethyloxetane is not very selective (54%) and low yielding to 6CC formation (yield: 26%) 
presumably due to steric inhibition from the adjacent methyl groups.  
 
Chart 1.15. Representative aluminum catalyst for 6CC synthesis. 
1.3 Organocatalysts 
In efforts to address environmental concerns, health impacts, high costs and the inherent oxygen 
and moisture lability of metal-based catalysts, metal-free methods for CO2-based polycarbonate 
synthesis have been developed contemporaneously. Although organocatalysts present essential green 
chemistry benefits, they have traditionally lagged behind their metal counterparts in terms of stability 
and activity. Nevertheless, the development of robust organocatalysts for polycarbonate synthesis 
remains a priority.  
Organocatalysts have been successfully employed to activate CO2 for the synthesis of cyclic 
carbonate monomers such as 5CCs, but these monomers are not particularly suitable for ring-opening 
protocols. Furthermore, efforts aimed at incorporating CO2 into copolymeric structures while 
suppressing the formation of 5CC products have traditionally yielded predominantly cyclic by-products 
instead (Scheme 1.3). As previously mentioned, the synthesis of 6CCs (from CO2 and oxetane 
substrates mentioned in section 1.2.4), is an alternative approach to using CO2 in polycarbonate 
synthesis. However, the dramatic difference of acidity between epoxide and oxetane has precluded 
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organocatalyzed approaches.29, 30 Nevertheless, Buchard and coworkers reported the first instance of 
6CCs synthesised from corresponding diols and CO2 at very low pressure (0.1 MPa CO2) (Scheme 
1.16).166 
 
Scheme 1.16. Organocatalytic synthesis of six-membered cyclic carbonates from CO2 and diol substrates. 
The mechanism was hypothesised to begin with a mono CO2 insertion at an alcohol to form the 
carbonate after the deprotonation by 1,8-Diazabicyclo(5.4.0)undec-7-ene (DBU). Following this, 
intramolecular attack from the second alcohol completes the cyclization process to form the 
corresponding 6CC. Interestingly, the cyclization step was ineffective without the addition of tosyl 
chloride to form a good leaving group and density functional theory (DFT) studies corroborated this 
high energy barrier in the cyclization step. After the successful synthesis of 6CCs, numerous other 
green CO2-based copolymer from renewable feedstocks were explored. Mannopyranose derivative167, 
thymidine168 and 2-deoxy-D-ribose169 derivatives were coupled directly to CO2 affording cyclic 
monomers that were polymerized to form novel polycarbonates that are promising biomaterial 
applications.  
Recently, the first metal-free CO2-based polycarbonate synthesis was achieved by activating an 
epoxide with a strong Lewis acid (triethyl borane). The presence of the Lewis acid is crucial to lower 
the activation barrier for of the epoxide ring-opening to compete with the back-biting of carbonate 
species. Both PO and CHO were copolymerized with CO2, to obtain polycarbonates (Mn = 43 kg·mol-1, 
ÐM = 1.10) with high carbonate content (99%).170 An organocatalyzed approach featuring a binary 
system composed of 1,3-bis(2-hydroxyhexafluoroisopropyl)benzene and tetrabutylammonium iodide 
was also effective for the CO2 copolymerization with trimethylene oxide (TMO), a traditionally 
Chapter I  
 
 
 
40 
challenging monomer32. An oligocarbonate (Mn = 2 kg·mol-1) was obtained after 24h under 10 MPa CO2 
and 130 oC, demonstrating one of the only instances of organocatalyzed CO2/TMO copolymerization. 
1.4. Conclusion and Outlooks 
The copolymerization of CO2/EP offers an efficient approach to sustainable polycarbonates and has 
accordingly drawn a great deal of attention in recent decades. Currently, the process is becoming more 
economical do to the development of better catalysts that serve to afford a diverse array of 
polycarbonates under increasingly mild conditions. Nevertheless, modern non-degradable plastics still 
remain comparatively inexpensive, but environmental concerns are exponentially increasing. Thus, it 
is imperative to continue the development of sustainable polymers and lower the cost of such 
materials. As it stands, the issue remains a great challenge to the chemistry community. Further 
improvements will certainly be gained from more efficient organometallic catalysts, but the 
maturation of organocatalysts could provide a breakthrough and further drive the production price 
down while offering a more sustainable approach.  
The renewable plastics from bio-based monomer and CO2 could be another interesting research 
field to compete with petroleum products, for instance, the breakthrough from poly (limonene 
carbonate) (PLO) 171-173 and 2,5-furandicarboxylic acid (FDCA),174, 175 a monomer from biomass 
waste/CO2, lead to various methodologies of CO2 utilisation. Although both metal- and organic- based 
catalysts present several respective advantages that viable options for CO2-based polymer synthesis, 
overcoming the sensetive against contamination (e.g. oxygen, moisture) and using air as CO2 resource 
would allow CO2-based fabrication step forward industrial scale globally.  
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As already presented in the introduction of this thesis, carbon dioxide (CO2) is considered as a non-
toxic and renewable C1 feedstock to deal in long term with the depletion of fossil fuel in our society. 
The coupling of CO2 and epoxides to yield poly and cyclic carbonates by using the organocatalysis 
provides an economical and green route to produce important reagent for further applications such 
as biomaterials and microelectronic devices.  
 Herein, we report a halogen-free catalytic system based on the association of trans-cyclohexane 
diol and an organic superbase to efficiently couple CO2 and a representative epoxide. Such catalytic 
system allows a mixture of cis and trans 5-membered cyclic carbonate as well as oligo-carbonates to 
be obtained in very mild conditions.  
2.1 Introduction 
The increasing awareness of CO2 levels in the atmosphere, that result from a massive deforestation 
and the combustion of fossil fuels, has motivated scientists to develop strategies and technologies for 
CO2 valorization.1 The transformation of CO2 into fine chemicals has received a great deal of attention 
since such abundant and non-toxic C1 feedstock is promising to replace highly toxic phosgene.2 Due to 
a fully oxidized state and a symmetric molecular structure, CO2 is characterized by an inert activity 
requiring the development of catalytic tools to valorize it. Coupling CO2 with epoxides, EPs, by using 
either metal-based or organic catalytic systems to produce polycarbonate3, 4 and cyclic analogues 5, 6 is 
the most favorable approach to valorize CO2 Since the inherent structure of those 3-membered cyclic 
EPs features a high ring strain energy (112 kJ·mol-1)7, they can undergo, in presence of carbon dioxide, 
either a copolymerization8 or a simple cycloaddition9 reaction under mild conditions (Scheme 2.1). 
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Scheme 2.1. Two pathways of CO2 valorization by reaction with epoxides.  
While metal-based catalysis is associated with drawbacks of potential metallic pollution, multi-step 
synthesis and pharmaceutical toxicity, the organocatalysis efficiently utilizes (preferably renewable) 
raw materials, eliminates waste and avoids the use of toxic and/or hazardous reagents. In 1956, 
Lichtenwalter and Cooper pioneered the synthesis of cyclic carbonates prepared by organocatalysis. 10 
They developed a catalytic process enable to efficiently induce the preparation of ethylene carbonate 
(EC) from a CO2/ethylene oxide (EO) mixture using quaternary ammonium halides 
(tetrabutylammonium bromide, TBABr). At 200 °C and under 3.4 MPa CO2 pressure, EC was produced 
in a 97% yield. Later on, such harsh experimental conditions were overcome by Calo et al. who used a 
catalytic mixture of TBABr and tetrabutylammonium iodide (TBAI) (used in a 1:1 ratio) to fully convert 
styrene oxide (SO) in cyclic carbonate , at 60 °C and under 0.1 MPa pressure in CO2.11 Next to the 
ammonium-based structures, other halide-based catalysis such as phosphonium salts and imidazolium 
salts were also investigated. Recently, Dufaud et al. reported some researches on the cycloaddition of 
EP with CO2 as catalyzed by azaphosphatrane allowing the production of cyclic carbonate under 
ambient pressure.12-14 In 2014, Cokoja et al. reported the use of an imidazolium halide-based catalyst 
for the conversion of a CO2/EP mixture under mild conditions (e.g. 70 °C , 0.4 MPa CO2).15, 16 In their 
studies, the authors demonstrated that the acidity of the imidazolium cation dictates the activity of 
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the entire catalytic system since high conversions in EP were only obtained when imidazolium salts of 
high acidity were used.17 Recently, our group described a dual catalytic system based on iodine and 
the use of a 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) superbase to valorize and transform CO2 in bulk, 
providing cyclic carbonates at 60 °C  and for a 0.1 MPa CO2 pressure. (Chart 2.1) 18 
 
Chart 2.1. Various catalysts used for the preparation of cyclic carbonates from CO2 and epoxides. 
While the pronounced progress in the organocatalytic cycloaddition between CO2 and EP is growing, 
the copolymerization of both CO2 and EP using an organocatalysis is, to date, rarely addressed since 
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the rate constant of back-biting (kb) occurring after addition of CO2 from the generated alkoxide in the 
anionic ring-opening process is much higher than the copolymer chain propagation (kp) which 
eventually generates a thermodynamic favored cyclic carbonate instead of a copolymer (Scheme 
2.2).19 Recently, Gnanou reported the first example of CO2 and EP copolymerization in presence of 
triethylene borane (TEB) as catalyst.19 High molar masses polycarbonates (Mn of 76.3 kg·mol-1, ĐM SEC 
of 1.20) were obtained 80 °C  and 1 MPa CO2 in tetrahydrofuran (THF). Although organocatalytic 
copolymerization of CO2 and EP is not explored extensively due to the inevitable back-biting reactions,  
the utilization of polycarbonates as biomaterials20, 21 or in the microelectronic22, 23 field is promising.   
 
Scheme 2.2. Kinetic comparison of CO2 and EP coupling reaction.  
Herein, we report a novel procedure to produce oligo-(cyclohexane carbonate) (OCC), trans-
cyclohexane carbonate (trans-CHC) and its cis-analogue (cis-CHC) from cyclohexane oxide (CHO) and 
CO2 in a one pot process. Such a reaction was catalyzed by a trans-cyclohexane diol (trans-CHD) and 1-
tert-butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethylamino)-phosphoranylidenamino]-2λ5,4λ5-
catenadi(phosphazene) (tert-Bu-P4) under mild conditions.  
As mentioned in the introduction, the trans-CHC is a polymerizable monomer (cf. Chapter I, Scheme 
1.5)24-26 due to its large dihedral angle.27 Such  characteristics render trans-CHC interesting to be 
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prepared in situ from CHO and CO2 and further polymerized in a one pot procedure. To realize such a 
reaction, trans-CHD was used as co-catalyst and in presence of a tert-Bu-P4 superbase to hypothetically 
prepare poly(cyclohexane carbonate). In an ideal situation, the introduction of trans-CHD would 
suppress kb and hence couple another CHO for the propagation process (Scheme 2.3a). If the proton 
transfer exists in such coupling reaction, the generated alkoxide that retains the trans geometry will 
continue the propagation process (Scheme 2.3b). 
 
Scheme 2.3. Schematic representation of CO2 and CHO copolymerization in presence of trans-CHD 
To carry out such reaction, introducing a strong base that promotes the deprotonation process is 
then prerequisite. As such, tert-Bu-P4, one of the non-nucleophilic strongest bases, was applied to the 
coupling of CO2 and CHO, while other superbases such as amidine and guanidine were also examined. 
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Reactions were voluntarily realized under 0.1 MPa pressure in CO2 while experimental conditions such 
as temperature, reaction time and catalytic loading were varied.  
2.2 Results and Discussion 
Reasoning that 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene 
(TBD) have been proven as effective superbases that deprotonating aliphatic alcohols and hence 
allowing the insertion of CO2 to generate carbonate,28 alongside with the superior performance of tert-
Bu-P4 for the ketone’s deprotonation resulting in enolate,29 these three superbases were chosen for 
an initial investigation.   
2.2.1 Superbases efficiencies 
The superbase screening experiments were performed in Schlenk tubes charged with a defined 
amount of CHO (5.17 mmol),  trans-CHD (5 mol%) and superbase (SB, 5 mol%). Mixtures were frozen 
in liquid nitrogen for 1 min, degassed by dry N2 and eventually charged by gaseous CO2 under 0.1 MPa 
pressure. After equilibration, the mixtures were heated up to 85 °C  for 24 h. The selectivity and yield 
of products were determined by 1H NMR spectroscopy and reported in Table 2.1. 
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Table 2.1. The catalysis screening on coupling of CHO/CO2 using SBs and diol in bulk [a].  
 
Entry 
Catalysis 
(pKa H+) [b] 
 
 
Conversion 
/% [g] 
Selectivity / % [f] 
Mn SEC [g] 
g·mol-1  
ĐM SEC 
[g] 
trans-CHC cis-CHC OCC 
Ether 
linkages 
1 DBU [c] (24.3) 
 
1 >99 0 0 0 N.D. [h] N.D. 
2 TBD [d] (26.0) 
 
2 50 0 50 0 N.D. N.D. 
3 tert-Bu-P4 (42.7) 
 
46.5 28.7 33 22 16.3 660 1.38 
4 [e] tert-Bu-P4 (42.7) 
 
37 11.5 77 0 11.5 N.D. N.D. 
[a] Experimental conditions: 5.17 mmol of CHO, [SBs]/[trans-CHD]/[CHO] = 1/1/20, T = 85 °C , t = 24 h, PCO2 = 0.1 
MPa ; [b] pKaH+ of bases in acetonitrile30; [c] DBU = 1,8-diazabicyclo-[5.4.0]-undec-7-ene; [d] TBD = 1,5,7-
triazabicyclo[4.4.0]dec-5-ene; [e] cis-CHD was used; [f] conversion of CHO and selectivity were determined from 
1H NMR spectroscopy of crude mixture; [g] Determined by SEC in tetrahydrofuran (THF) with polystyrene 
standard; [h] N.D. =not determined. 
The results revealed that DBU and TBD present a very poor catalytic performance by limiting the 
overall conversion to traces of cyclic carbonate and OCC. Such a result probably orignates from a 
hydrogen interaction between the resulted carbonate and the protonated SB (Figure 2.1). This 
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interaction provides a stable ion pair leading to an inferior activity toward ring-opening of CHO, as 
supported by Helderant et al. who observed the formation of stable ion pairs after bubbling gaseous 
CO2 through a solution of prepared neutral liquid consisting of SB and aliphatic alcohols, such as 1-
hexanol and 1-octanol, under ambient pressure and at room temperature.28 1H NMR spectroscopic 
analysis revealed the complete conversion of superbases and alcohol by the absent signals for free 
alcohol or unprotonated SBs. Moreover, the crystallographic analysis supported the generation of 
complexes that protonated SBs and carbonate species were held together via hydrogen bonds. 
 
Figure 2.1. Plausible SBs carbonate ion pairs formed between protonated SBs and resulted carbonate.  
Interestingly, the tert-Bu-P4 phosphazene considerably improves the overall yield of reaction 
allowing the generation of OCC and CHCs to be produced at 47 % (entry 3). 1H NMR spectroscopy 
reveals that the identical signals of CHCs (cis-CHC, δ = 4.66 ppm and trans-CHC, δ = 3.98 ppm) are 
present while a broad peak corresponding to OCCs shows up at δ = 4.62 ppm (Figure 2.2). As 
determined by SEC analysis, a number-average molar mass (Mn) of 660 g·mol-1 and a dispersity value 
(Mw/Mn = ĐM) of 1.38  have been calculated confirming the presence of oligomeric OCCs. Note here 
that such low molecular weight does not simply correspond to oligocarbonates but also to the 
presence of oligoethers as clearly identified at δ = 3.54 ppm in 1H NMR spectroscopy (Figure 2.2). 
Substituting trans-CHD by cis-CHD does not really affect the overall yield of the reaction (Table 2.1, 
entry 4) but drastically limits the process to and the production of cis-CHC (77 mol%). Such observation 
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indicates that the conformation of the diol catalyst has a significant impact on the final conformation 
of the cyclic carbonate. Moreover, as also observed, OCC was not produced when using the cis-CHC 
which may suggest that either the cis-CHC is produced at the initial step of the process (being too 
stable to generate OCC) or is obtained by instantaneous depolymerization of the OCC.   
Figure 2.2. 1H NMR spectrum [zoomed from 3.0 ppm to 7.4 ppm (CDCl3, 500 MHz)] of the resultant mixture of 
coupling (Table 2.1, entry 3). Conditions: 5.17 mmol of CHO,  [tert-Bu-P4]/[trans-CHD]/[CHO] = 1/1/20, T = 85 °C , 
t = 24 h, PCO2 = 0.1 MPa. 
2.2.2 Modification of the experimental conditions. 
The successful generation of OCC alongside with the generation of trans-CHC that can be 
polymerized under mild conditions,24-26 motivated us to further investigate the general process by 
modifying the reaction conditions. As such, the influence of both temperature and reaction time were 
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studied, while catalyst loading was investigated for the purpose of obtaining polycarbonate with high 
molar mass. 
• Temperature 
As an important experimental parameter, the influence of the temperature on the overall reaction 
was first investigated. Reactions were performed following the protocol initially set retaining a catalytic 
trans-CHD/tert-Bu-P4 ratio of 1:1 in a 5 mol% loading, a reaction time of 24 h and  0.1 MPa CO2 pressure 
at different temperatures going from 45 to 105 °C (Table 2.2).  
Table 2.2. The temperature effect on CHO/CO2 coupling using tert-Bu-P4 and trans-CHD in bulk [a].  
Entry T / °C 
conversion/% 
[b] 
Selectivity / % [b] 
Mn SEC [c] 
g·mol-1  
ĐM SEC 
[c] trans-
CHC 
cis-CHC OCC 
Ether 
linkages 
1 45 4 38 14 13 35 N.D. [d] N.D. 
2 65 13 32 24 15 29 430  1.14 
3 85 46.5 28.7 33 22 16.3 660 1.38 
4 105 70 11 85 0 4 N.D.  N.D. 
[a] Experimental conditions: 5.17 mmol of CHO, [tert-Bu-P4]/[trans-CHD]/[CHO] = 1/1/20, t = 24 h, PCO2 = 0.1 MPa ; 
[b] conversion of CHO and selectivity were determined from 1H NMR spectroscopy of crude mixture; [c] 
Determined by SEC in tetrahydrofuran (THF) with polystyrene standard; [d] N.D. =not determined. 
As expected, increasing the temperature from 45 to 105 °C  allowed the overall yield to be 
considerably improved (from 4 to 70 mol%). While oligomers of carbonates and ethers repeating units 
were always present from 45 to 85 °C , their relative amounts fluctuated when the reaction is heated 
up. Increasing the temperature clearly reduces the amount of ether linkages while the relative quantity 
in carbonate repeating units slowly increases. A further increase in temperature (from 85 to 105 °C ) 
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does not generalize those conclusions since both amounts of carbonate and ether linkages are at their 
minimum. Concomitantly, the cis-to-trans CHC ratio increases with the temperature and an impressive 
selectivity in cis-CHC is obtained at 105 °C  (85 mol%, entry 4, Table 2.2). Those observations indicate 
that the increase in temperature allows the production of cis-CHC in a high yield while the desired 
trans-CHC and OCC is suppressed. Concomitantly to the reaction of oligo-etherification, those trans-
CHCs ring-open by generating oligo-carbonates possibly. When the temperature is sufficiently high 
(here observed at 105 °C ), those oligomers start to unzip by eventually generating thermodynamically 
stable cis-CHC with a comparable high selectivity.  
• Reaction time 
Since the oligo-carbonate (OCC) was the highest at 85 °C and its contamination by ether linkages 
the lowest, the effect of the reaction time on a CO2/CHO coupling was studied at 85 °C  under the same 
experimental conditions that were initially set (0.1 MPa CO2, 5 mol% catalysis loading). Two reactions 
were then performed for 48 and 72 h to complement the results obtained after 24 h (Table 2.2, entry 
3). Results are summarized in Table 2.3. 
By performing the reaction with the extended times, an OCC characterized by a Mn of 500 g·mol-1 
(ĐM SEC of 1.25) was obtained after 48 h (Table 2.3, entry 2), which was slightly lower than that obtained 
after 24 h (Mn = 600 g·mol-1, ĐM SEC of 1.38) (Table 2.3, entry 1). 1H NMR spectroscopic analysis revealed 
that a decrease in selectivity was observed in both trans-CHC and OCC (trans-CHC from 28.7 to 24 
mol%, OCC from 22 to 10 mol%), while cis-CHC was further enhanced correspondingly (from 33 to 50 
mol%) with 77 mol% conversion of CHO (Table 2.3, entry 2). Interestingly, the extended reaction did 
not allow the increase of ether linkage in selectivity (16 mol%) (Table 2.3, entry 2), which supported 
the conclusion that temperature affected the selectivity of ether linkage pronouncedly (Table 2.2).  
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Table 2.3. Coupling of CO2 and CHO with different reaction times. [a] 
Entry t / h 
conversion/% 
[b] 
Selectivity / % [b] 
Mn SEC [c] 
g·mol-1  
ĐM SEC 
[c] 
trans-CHC cis-CHC OCC 
Ether 
linkages 
1 24 46.5 28.7 33 22 16.3 660 1.38 
2 48 77 24 50 10 16 500 1.25 
3 72 83 20 51.4 13 15.6 460 1.18 
[a] Experimental conditions: 5.17 mmol of CHO, [tert-Bu-P4]/[trans-CHD]/[CHO] = 1/1/20, T = 85 °C , PCO2 = 0.1 
MPa ; [b] conversion of CHO and selectivity were determined from 1H NMR spectroscopy of crude mixture; [c] 
Determined by SEC in tetrahydrofuran (THF) with polystyrene standard. 
Very importantly, by increasing the reaction time, the molar mass of the generated OCC decreased 
gradually. Such a decrease is accompanied by the consumption of the trans-CHC and a considerable 
overproduction of the cis-isomer. We postulate that the resulted cis-CHC raise from both direct 
coupling reaction and unzipping generated OCC. With time extension, the in situ generated trans-CHC 
is ring-opened yielding OCC that undergo a carbonate back-biting reaction to produce eventually the 
cis-CHC isomer (Scheme 2.4). Confirming that trend, it was anticipated that after 72 h, an increase in 
the overall conversion would have been accompanied by the decrease in both OCC molar masses (Mn 
= 460 g·mol-1, ĐM SEC of 1.18) and trans-CHC content (20 mol% in selectivity) while increasing the level 
of cis-CHC isomer (Table 2.3, entry 3). 
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Scheme 2.4. Plausible route of products generation (ROP: ring-opening polymerization). 
• Effect of co-catalyst loading 
As observed, extending the reaction time does not allow high molar mass OCC to be produced but 
increases the propensity of their unzipping process. As such, further attempts to increase the molar 
mass of those oligomers were tempted by tuning the catalytic content of both co-catalysts. To examine 
the effect of the catalytic loading, experimental parameters such as temperature, pressure in CO2 and 
reaction time were fixed to 85 °C , 0.1 MPa CO2 and 24 h, respectively, while the catalytic loadings in 
both trans-CHD and tert-Bu-P4 were varied. The results were summarized in Table 2.4.  
In a first attempt, the cooperative effect of both diol and phosphazene superbase was attested by 
two control reactions involving either the presence of the diol only or the use of the pristine SB (Table 
2.4, entries 1 – 2). A total absence of reaction was observed even after 24 hours. Results support the 
conclusion of the section 2.2.1 where the SB was postulated to deprotonate the trans-diol allowing the 
insertion of CO2 and yielding (oligo)carbonates.  
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Table 2.4. The coupling of CHO/CO2 using tert-Bu-P4 and trans-CHD in various molar ratios [a].  
Entry 
Catalysts 
loading /mol% Conversion/% 
[b] 
Selectivity / % [b] 
Mn SEC [c] 
g·mol-1  
ĐM SEC [c] 
trans-
CHD 
tert-
Bu-P4 
trans-
CHC 
cis-
CHC 
OCC 
Ether 
linkages 
1 5 0 0 N.D. N.D. N.D. N.D. N.D. N.D. 
2 0 5 0 N.D. N.D. N.D. N.D. N.D. N.D. 
3 5 5 49 28.7 33 22 16.3 660 1.38 
4 10 10 72 13 57 16 14 N.D. [d] N.D. 
5 15 15 83 13 69 6 12 N.D. N.D. 
6 5 10 89 2 98 0 0 N.D. N.D. 
7 10 5 48 35 11 7 47 470 1.19 
8 40 5 48 43 24 33 0 660 1.16 
9 [e] 2 0.25 98 28 55 9 8 1040 1.25 
[a] Experimental conditions: 0.258 mmol of trans-CHD, t = 24 h, PCO2 = 0.1 MPa, T = 85 °C ; [b] conversion of CHO 
and selectivity were determined from 1H NMR spectroscopy of crude mixture; [c] Determined by SEC in 
tetrahydrofuran (THF) with polystyrene standard; N.D. = not determined; [e] t = 216 h.  
As suspected, increasing the amounts of both SB and trans-CHD ([SB]0/[trans-CHD]0 = 1) relative to 
the CHO does improve the reaction by increasing the overall conversion of the process (entries 3-5, 
Table 2.4). Such an increase in conversion is accompanied by a decrease in both carbonate and ether 
oligomers, a consumption of the as-produced trans-CHC as well as an increase in its cis-isomer. It 
clearly revealed that high catalyst loadings only contributed to the production of cis-CHC affording a 
low yield of trans-CHC and OCC products. Interestingly, a pronounced conversion of CHO (89 mol%) 
with unique selectivity in cis-CHC (98 mol%) resulted by changing the trans-CHD: tert-Bu-P4 catalytic 
ratio to 1:2 as characterized by 1H NMR spectroscopy by comparing the cis-CHC representing signal at 
δ = 4.70 ppm to the one of the trans-CHC isomer present at δ = 4.02 ppm (Table 2.4, entry 6). Such 
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ratio allows the unique production of cis-CHC without the concomitant presence of neither trans-CHC 
nor oligo-structures (Figure 2.3) As cis-CHC is an important precursor for the preparation of cis-CHD,31 
such a catalyst system provides cis-CHC under very mild conditions will be interesting to the industrial 
community for the fabrication of cis-CHD economically.  
 
Figure 2.3. 1H NMR spectrum (CDCl3, 500 MHz) of the resultant mixture of coupling (Table 2.4, entry 6). 
Conditions:  [tert-Bu-P4]/[trans-CHD]/[CHO] = 2/1/20, T = 85 °C, t = 24 h, PCO2 = 0.1 MPa. 
To provide more information on the influence of the catalytic ratio, 2 equivalents of trans-CHD 
(relative to the tert-Bu-P4 initial content) were also used (Table 2.4, entry 7). Although a small amount 
of OCC (7 mol% in selectivity) was produced under such conditions, the selectivity of trans-CHC reached 
35 mol% that outperformed other ratios used so far. This result suggests that the excessive trans-CHD 
loading could lead to a comparable selectivity of trans-CHC. In order to support this postulation, 8 
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equivalents of trans-CHD were applied to the reaction and impressive provided the highest selectivity 
of trans-CHC (43 mol%) as characterized by 1H NMR spectroscopy (Table 2.4, entry 8).  
Although the mechanism of coupling CO2 and CHO yielding trans-CHC is not clear in the state-of-
art,32 our study evidently reveals that the excessive addition of trans-CHD promotes the generation of 
trans-CHC isomer and that a low content in phosphazene SB diminishes the propensity of the 
concomitantly produced oligomers to unzip. As it might be expected, performing the reaction by using 
a large excess of trans-CHD ([trans-CHD]0/[tert-Bu-P4]0 = 8) and for a prolonged reaction time (216 h 
instead of 24 h) allows higher molar mass oligomers (Mn of 1,040 g·mol-1 ; ĐM SEC of 1.25) to be produced 
from the in situ generated trans-CHC which eventually leads to an overproduction of cis-CHC isomers 
(Table 2.4, entry 9). After precipitation from n-hexane, the residue was dried at 40 °C  under vacccum 
overnight and was characterized by 1H NMR spectroscopy. It clearly revealed the existence of 
carbonate (δ = 4.66 ppm) and ether (δ = 3.55 ppm) linkages in the oligomeric chain (Figure 2.4). This 
result suggests that the preparation of OCC can be realized using trans-CHD and tert-Bu-P4 as the 
catalysis, albeit the inferior performance is observed. It would be interesting to explore the similar 
catalytic system for PCHC preparation with a high molar mass in future.  
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Figure 2.4. 1H NMR spectrum (CDCl3, 500 MHz) of the purified OCC from the precipitantion of n-hexane (Table 
2.4, entry 9). Conditions: 12.9 mmol of CHO,  [tert-Bu-P4]/[trans-CHD]/[CHO] = 1/8/400, T = 85 °C , t = 216 h, PCO2 
= 0.1 MPa. The cyclohexane ring was marked as  while methyl group of tert-Bu-P4 and grease were marked as  
 and , respectively.  
Scheme 2.5 presents a tentative scheme of the mechanism involved during the coupling reaction 
of carbon dioxide and CHO. In the early steps, the phosphazene SB is suspected to deprotonate the 
trans-CHD by forming an alkoxide species (i). Such deprotonation reaction is well-known in the 
literature 33-35. In the presence of CO2, an intermediate species (ii) is formed by nucleophilic addition.28, 
36-39 Note here that the alkoxide (i) will also attack free CHO leading to oligoethers.To light the scheme, 
such a reaction is not represented.  
The presence of CHO in excess permits the intermediate (ii) to lead on it a nucleophilic attack 
resulting in an alkoxide (iii) stabilized by hydrogen-bonding with trans-CHD. To explain the presence of 
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the trans-CHC, the intermediate (iv) is suspected to undergo an alkoxide back-biting reaction which 
does not involve any carbon configuration inversion.32 As discussed in the “temperature and reaction 
time” section, the oligo-carbonates observed in the final product could be the result of a ring-opening 
oligomerization of the in situ generated trans-CHC under high temperature (85 °C ), which is supported 
by Haba’s work 24 and Guillaume’s DFT calculations.25 
 Unlikely the to synthesis of trans-CHC which follows an alkoxide back-biting mechanism, the 
generation of cis-CHC isomer could be the result of a carbonate back-biting process.40 From the 
intermediate (iii) and in presence of CO2, the as-induced carbonate dimer (vi) may undergo a carbonate 
back-biting reaction inescapably leading to the generation of the cis-CHC generation as a substitution 
product. Such process is supported by the reaction with a unique selectivity in cis-CHC (Table 2.4, entry 
6). Note here that the complete deprotonation of trans-CHD in presence of 2 equivalents of tert-Bu-P4 
cannot afford the proton to the intermediate (iii) forming hydrogen bonding for its stabilization. As 
such, the subsequent carbonation of alkoxide allows the production of cis-CHC via a carbonate back-
biting mechanism. 
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Scheme 2.5. The plausible mechanism involved in the synthesis of trans-CHC and cis-CHC from a CO2 and CHO 
mixture in presence of both trans-CHD and tert-Bu-P4. 
2.3 Conclusion 
The coupling of CO2 and cyclohexane oxide provides an efficient approach to oligo-carbonate and 
its cyclic analogues sustainable, which has received a great deal of attention in the past decade. By 
tuning the catalyst content, the selectivity of each product such as cis-CHC, trans-CHC, and oligo-
carbonate is manageable under mild conditions. With the addition of 2 equivalents of phosphazene 
(related to trans-CHD), the catalytic reaction allows delivering the unique product of cis-CHC. Such an 
efficient reaction would be interesting to prepare cyclic carbonate industrially, although the 
preparation of CO2-based cyclic carbonate is not our main focus. The desired oligo-carbonate was 
obtained in presence of the excessive trans-CHD, which could be used as a chain extension agent for 
copolymers synthesis. Such results motivate us to continue on focussing on the CO2-based 
polycarbonate preparation. As the progress of medical science stimulates the research of biomaterials 
in recent decades, poly (trimethylene carbonate), PTMC, that is an implantable biomaterial, has found 
broad study. To prepare PTMC exempt of all metal traces and devoted to biomaterials applications, 
the organocatalytic synthesis of PTMC is highly desirable by the advantage of CO2 valorization greenly. 
In the next chapter, the research project will focus on the synthesis of PTMC from CO2 and oxetane 
using organocatalysis. 
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In Chapter II, attempts of the copolymerization of CO2 and CHO did not deliver the polycarbonate 
in success, it afforded some clues about the preparation of polycarbonate using organocatalysis. The 
desire for sustainability drives interest in the production of chemicals from carbon dioxide. The 
synthesis of poly (trimethylene carbonate), PTMC, by copolymerization of carbon dioxide and oxetane 
using organocatalysis affords a green route to this important polymer but has proven to be a very 
challenging process. Herein we report that the application of iodine, in combination with organic 
superbases provides a highly active system for the direct synthesis of PTMC from CO2 with very high 
levels of carbonate linkage (95 % in selectivity). Mechanistic studies reveal the in-situ formation of 
trimethylene carbonate which eventually polymerizes through an active chain-end process from an I2-
oxetane adduct. 
3.1 Introduction  
Significant progress has been made towards using CO2 in eco-friendly technologies for replacing 
conventional phosgene-based processes.1-5 In this regard, the use of CO2 has been extended beyond 
its initial applications for the preparation of synthon molecules such as linear and cyclic carbonates (cf 
Chapter II), ureas and isocyanates, and is now also being used to produce engineering plastics such as 
polycarbonates. While the copolymerization of epoxides (also referred to as oxiranes) and CO2 has 
been the subject of extensive research,6 the polymers that result from them require the development 
of applications and markets for their exploitation. In contrast, poly(trimethylene carbonate), PTMC, 
has found broad study and commercial application as an implantable biomaterial and as a component 
in polyurethanes.7-11 Currently PTMC is accessed via ring-opening polymerization of the 6-membered 
carbonate (Scheme 3.1),12-26 trimethylene carbonate (TMC) which requires the use of phosgene-based 
CO sources for its synthesis as well as commonly being carried out under anhydrous conditions in toxic 
solvents using heavy metal catalysts, all of which increase the environmental impact of the process. 26-
29  
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Scheme 3.1. General procedure of poly (trimethylene carbonate) preparation. 
The derivation of a solvent-free process, using CO2 as the carbonyl source in the absence of metals 
would provide a significant advance towards creating this polymer is a more sustainable manner. In an 
analogous manner to the copolymerization of epoxides and CO2, PTMC can theoretically be produced 
by copolymerization of CO2 with oxetane 30(i.e. 1,3-epoxypropane, a four-membered cyclic ether, 
Scheme 3.2). Despite this promise, alongside the possibility of producing 6-membered cyclic 
carbonates,3 which can be readily polymerized by organic catalytic systems,31, 32 relatively few studies 
have focused on this potentially useful synthetic route, probably a consequence of a relative high price 
of raw materials and the inherent low reactivity of oxetanes that results from their low ring strain (112 
vs 106 kJ.mol-1 for oxirane vs oxetane)33, 34 and lower acidity35, 36.  
 
Scheme 3.2. Copolymerization of CO2 and oxetane using a binary organocatalytic system. 
Following the pioneering work of Baba et al.,37, 38 who produced PTMC by coupling CO2 and oxetane 
under a vapor pressure method by using organotin halide complexes (100 °C, 5 MPa in CO2, 4h, Mn,exp 
~ 4,250 g·mol-1 ), Darensbourg and coworkers developed a series of Cr,39-41 Al42 and Co-based43 catalytic 
systems to mediate the copolymerization of CO2 and oxetane in solution. FTIR spectroscopic 
investigations allowed them to attest that the mechanism by which PTMC was produced involved 
either the polymerization of an in-situ-generated trimethylene carbonate (TMC) intermediate or a 
direct “chain up” of both oxetane and CO2. The development of organocatalytic polymerization has 
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grown significantly over the past 20 years on account of both the green credentials and absence of 
metals from the resulting polymers.44 In a seminal advance towards a metal-free catalytic system, 
Detrembleur and coworkers developed a binary system composed of 1,3-bis(2-
hydroxyhexafluoroisopropyl)benzene and tetrabutylammonium iodide to copolymerize oxetane and 
CO2 in bulk.45 After 24 h at 130 °C under 10 MPa of CO2 pressure, oligocarbonates of 2,000 g·mol-1 were 
obtained (Scheme 3.3). 
 
Scheme 3.3. Organocatalytic coupling of CO2 with oxetane using 1,3-bis-HFAB. 
Recently, some of us reported on the catalytic activity of an equimolar mixture of iodine and the 
1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU) superbase to perform the cycloaddition of various 
epoxides and CO2, in bulk, to yield 5-membered cyclic carbonates.46 The efficiency of that binary 
catalyst system enabled a working pressure of CO2 as low as 0.1 MPa, and was justified by the ability 
of DBU to properly activate CO2 as part of a zwitterionic adduct47 simultaneously with the formation 
of a carbon-oxonium bond interaction between I2 and the oxirane through σ-hole (halogen) bonding.48-
50 Very importantly, iodine is an inexpensive and environmentally friendly catalyst, which is currently 
applied in food,51 polymer,52 and pharmaceutical industries.51 The increased Lewis basicity of the 
oxetane monomers (compared to epoxides)53, in combination with the high efficiency for the 
concomitant activation of both CO2 and oxiranes of this catalytic system suggested that organocatalytic 
copolymerization of oxetane and CO2 may be possible. In the presented chapter, we describe the use 
of various dual catalytic systems composed by iodine and different organic bases to promote the 
copolymerization of CO2 and oxetane. We show that with 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 
highly efficient copolymerization is possible under mild conditions with fast kinetics. Mechanistic 
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investigations reveal that TMC is formed and polymerized instantaneously to produce PTMC, initiated 
from an in-situ generated iodine/oxetane adduct in the system.  
3.2 Results and Discussion  
The previous work of the cycloaddition of epoxide and CO2 catalyzed by I2/DBU binary catalysts 
motivated us to examine the catalytic activity of such system toward CO2/oxetane coupling reaction. 
Although I2 in combination with DBU present the superior performance to yield 5-membered cyclic 
carbonates, it would be interesting to study other cocatalysts such as guanidine and phosphazene to 
examine the cocatalyst effect. As such, the cocatalyst screening experiments were performed and 
results were discussed.  
3.2.1 Cocatalyst screening 
Polymerizations of oxetane and CO2 were first attempted with the I2/DBU catalytic system. 
Reactions were performed in bulk, at 105 °C, under a 1 MPa CO2 atmosphere. Arbitrarily, the catalytic 
loading content was fixed to 2.5 mol% of each I2 and DBU with respect to the oxetane monomer. After 
24 h, SEC analysis of the resulting material revealed the presence of oligomers, with a number-average 
molar mass (Mn) of 1,360 g·mol-1 and a dispersity value (Mw/Mn = ĐM) of 1.71 (Table 3.1, entry 1). 
1H NMR spectroscopic analysis of the oligomers (Figure 3.1) revealed that 72% of the polymerized 
oxetane was selectivity incorporated through carbonate linkages while 20% resulted in the production 
of ether bonds in the polymer. The remaining converted oxetane (8 mol% of total) was converted into 
the 6-membered cyclic carbonate, trimethylene carbonate (TMC).  
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Table 3.1. Copolymerization of oxetane and CO2 catalyzed by I2 and base in bulk. [a] 
 [a] Copolymerization conditions: 7.88 mmol oxetane, 2.5 mol% I2 and base cocatalyst, 1 MPa CO2, 105 °C.   [b] 
Oxetane conversion and selectivity were determined from 1H NMR spectroscopy of crude mixture; [c] Determined 
by SEC in tetrahydrofuran (THF) with polystyrene standard; [d] pKa of bases conjugated acids in acetonitrile. [15] 
We postulated that, similarly to the I2-initated ROP of tetrahydrofuran,54 the self-oligomerization of 
oxetane in presence of iodine could explain the presence of ether bonds in the copolymer structure. 
This hypothesis was verified by addition of I2 to oxetane ([oxetane]0/[I2]0 = 40) in absence of CO2 which 
resulted in production of oligomeric polyoxetane after 8 minutes at 105 °C (Figure 3.2), albeit in low 
yield (10 mol% of oxetane was converted). 
 
Entry Base pKa 
H+[e] 
Time 
(h) 
Oxetane 
Conversion 
(%)[b] 
TOF 
(h-1) 
Selectivity (%) [b] Mn 
(SEC)[d] 
g·mol-1 
ĐM[d] 
TM
C 
Carbonate 
Linkages 
Ether 
Linkages 
1 DBU 24.3 24 82 1.37 8 72 20 1,360 1.71 
2 MTBD 25.5 24 46 0.77 11 71 18 5,240 1.35 
3 MTBD 25.5 44 80 0.73 9 73 18 6,000 1.45 
4 TBD 26.0 24 88 1.61 <1 88 12 4,630 1.32 
5 P4-tert-
Bu 
42.7 24 15 0.25 >99 0 0 NA NA 
6 P4-tert-
Bu 
42.7 168 83 0.20 71 19 10 320 1.42 
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Figure 3.1. 1H NMR spectrum (CDCl3, 500 MHz) of the resultant mixture of polymerization (Table 3.1, entry 1). 
Conditions:  7.88 mmol oxetane, [I2]0/[DBU]0/[EP]0 = 1/1/40, 1 MPa CO2, 105 °C, 24h. 
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Figure 3.2. 1H NMR spectrum (CDCl3, 500 MHz) of the resultant mixture of oligomerization. Conditions: 7.88 
mmol oxetane, [I2]0//[EP]0 = 1/40, 0.1 MPa N2, 105 °C, 8 minutes. 
In order to limit the formation of ether linkages during the copolymerization, we sought to more 
efficiently activate the CO2 towards incorporation into the resulting polymer. Guanidine-CO2 
complexes are known to be produced more easily as compared to amidine-CO2 adducts, since the 
presence of adventitious water lead to the corresponding bicarbonate salt [BaseH]-[HCO3]55 and no 
crystal structure of DBU-CO2 adduct was reported in state-of-art. Hence bicyclic guanidines such as 7-
methyl-1,5,7-triazabicyclo-[4.4.0]-dec-5-ene (MTBD) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) 
were chosen to examine their catalytic efficiencies for the copolymerization of CO2 and oxetane as part 
of the binary catalyst system with I2 (Table 1, entries 2 to 4).  
Both guanidine bases were efficient for the copolymerization. After 24 h, MTBD allowed the 
production of a copolymer characterized by a Mn of 5,240 g·mol-1 (ĐM of 1.35) and a copolymer 
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composition similar to the one obtained by DBU. Attempts to further increase the molar mass of the 
polymer by prolonging the reaction time (from 24 to 44 h) led to a slightly broader dispersity (ĐM ~ 
1.45) and enhancement of molar mass (Mn = 6,000 g·mol-1), which is comparable with the highest Mn 
reported (Mn = 7,100 g·mol-1) so far by using CO2.39 Interestingly, calculated turn over frequencies (TOF) 
associated to that catalytic system (Table 3.2, entries 2 & 3) are double (TOF ~ 0.7 – 0.8 h-1, 1 MPa, 
105 °C) that calculated from the 1,3-bis(2-hydroxyhexafluoroisopropyl)benzene /tetrabutylammonium 
iodide catalytic system reported previously (TOF = 0.35 h-1, 2 MPa, 130°C) under comparable 
experimental conditions (Table 3.2, entry 10)45 demonstrating the highly efficient nature of such I2-
based catalytic systems.  
Replacing MTBD by the more basic TBD resulted in a significant enhancement of the overall 
conversion after 24 h yielding a polymer with a comparable molar mass and dispersity (Mn = 4,630 
g·mol-1, ĐM = 1.32) but characterized by a further increase in TOF to 1.61 h-1 (Table 3.2, entry 4). Most 
notably however, the application of TBD as the basic cocatalyst, limited the ether linkages in the 
polymer to ca. 10 mol% thus resulting in a carbonate content of ca. 90 mol% (Table 3.1, entry 4). Note 
here that polymerization reactions were also performed from pristine I2 and TBD for comparison (Table 
3.5, entries 5-6), the inferior catalytic activity was observed on such reactions. Reasoning that the 
inherent basicity of the basic cocatalyst could explain the overall activity and selectivity of the process, 
we also applied 1-tert-butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethyl amino)-
phosphoranylidenamino]-2λ5,4λ5-catenadi(phosphazene) (P4-tert-Bu) as a cocatalyst for this process 
(Table 3.1, entries 5 & 6). Unexpectedly, under the same experimental conditions, copolymerization 
failed, limiting the reaction to the in-situ production of TMC monomer in low yield (~15%). Interestingly, 
extending the reaction from 1 to 5 days allowed conversion of 30% of oxetane to TMC with no trace 
of polymerization (Table 3.3, entries 1 to 3). After 7 days (Table 3.1, entry 6 and Table 3.3, entry 4), 
traces of oligomers were detectable while maintaining a high selectivity in the production of TMC 
monomer. 
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Table 3.2. Copolymerization of oxetane and CO2 with various catalysts. [a] 
[a] Copolymerization conditions: 7.88 mmol oxetane, 2.5 mol% I2 and base cocatalyst, 1 MPa CO2, 105 °C, t = 24 
h.   [b] Oxetane conversion and selectivity were determined from 1H NMR spectroscopy of crude mixture; [c] 
Determined by SEC in tetrahydrofuran (THF) with polystyrene standard.[d] The results are based on the 
literature.45 [e] t = 44 h. [f] = 168 h.[g] TON = [oxetane conv.]/[I2]0; TOF = TON/t. 
Such lack of copolymerization activity and the unique selectivity towards TMC are probably the 
result of a strong complexation between the P4-tert-Bu and the I2 which suggests that the selective 
production of polycarbonates using such binary systems requires a balance of basicity to both enable 
polymer formation and reduce ether linkage formation.  
 
Entry Catalyst Press
ure 
(MPa) 
Oxetane  
Conv. (%) 
[b] 
Selectivity (%)[b] TON 
[g] 
TOF 
 (h-1) 
[g] 
Mn 
(SEC)[d] 
g·mol-1 
ĐM[d] 
TMC Carbonate 
Linkages 
Ether 
Linkages 
1 DBU 1 82 8 72 20 32.8 1.37 1,360 1.71 
2 MTBD 1 46 11 71 18 18.4 0.77 5,240 1.35 
3[e] MTBD 1 80 9 73 18 29.2 0.73 6,000 1.45 
4 TBD 1 88 <1 88 12 38.75 1.61 4,630 1.32 
5 P4-tert-
Bu 
1 15 >99 0 0 6 0.25 NA NA 
6[f] P4-tert-
Bu 
1 83 71 19 10 33.2 0.20 320 1.42 
7[d] 1.3-bis-
HFAB 
10 39 2 98 <1 13 0.54 1,000 1.15 
8[d] 1.3-bis-
HFAB 
10 92 2 98 <1 30.6 1.27 2,000 1.30 
9[d] 1.3-bis-
HFAB 
5 72 5 95 <1 23.9 0.99 1,500 1.33 
10[d] 1.3-bis-
HFAB 
2 25 4 96 <1 8.32 0.35 <1,000 N.A 
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Table 3.3. Coupling of CO2 and oxetane using I2/P4-tert-Bu with various reaction time [a]. 
Entry Reaction time / days Conv. % 
[b] 
Selectivity % 
TMC Carbonate Linkages Ether Linkages 
1 1 15 >99 0 0 
2 3 20 >99 0 0 
3 5 30 >99 0 0 
4  7 83 71 19 10 
[a] Coupling conditions: 7.88 mmol of oxetane, [M]0/[I2]0/[P4-tert-Bu] = 40/1/1, 3 MPa of CO2, at 105 °C.   [b] 
Conversion and selectivity were determined from 1H NMR spectroscopy of the product mixture. 
3.2.2 Reaction conditions modification 
Since the CO2-based copolymers generated from the I2/TBD catalytic system are produced with 
both high yield and selectivity for carbonate linkages, we selected to study this system with the aim of 
further enhancing molar mass control and carbonate selectivity. Studies of the influence of CO2 
pressure were conducted retaining equimolar ratios of I2 and TBD in bulk oxetane at 105 °C (Table 3.4).  
Table 3.4. Copolymerization of oxetane and CO2 catalyzed by different loadings of I2/TBD and CO2 pressure at 
105°C. [a] 
Entry 
catalysts 
loading/ 
mol% 
Time (day) CO2 Pressure (MPa) 
Con.[b] 
% 
Selec. 
% [b] 
Mn SEC[c] 
g·mol-1 ĐM SEC 
[c] 
1 1.25 1 1.5 53 84 5,070 1.54 
2 1.25 3 1.5 76 83 5,340 1.53 
3 1.25 3 3 86 90 4,000 1.38 
4 1 3 3 78 92 6,500 1.55 
5 1 7 3 97 95 4,000 1.60 
[a] Copolymerization conditions: 7.88 mmol of oxetane, 105 °C, [I2]0/[TBD]0 = 1; [b] Conversion and selectivity of 
carbonate linkage were determined from 1H NMR spectroscopy of product mixture; [c] Determined by SEC in 
tetrahydrofuran (THF) with polystyrene standard. 
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By performing reactions under a reduced catalyst loading of 1.25 mol% for 1 and 3 days with 1.5 
MPa pressure of CO2, 83 mol% of carbonate linkages were obtained (Table 3.4, entries 1 & 2). As may 
be expected, a further increase in both carbonate content (90 mol%) and overall conversion (86%) 
were observed when the CO2 pressure was increased to 3 MPa (Table 3.4, entry 3). Notably, by further 
reducing catalyst loading to 1 mol%, 95% carbonate linkages resulted after 3 and 7 days (Table 3.4, 
entries 4 - 5). Notably, the Mn values of the resulting materials were slighlty lower at higher oxetane 
conversions, i.e. for a higher pressure in CO2.  
3.3.3 MALDI-ToF spectrum analysis 
To obtain more information on the polymer structure, MALDI-ToF mass spectrometry analyses of 
the resultant polymers were realized (Figure 3.3a). As a representative example the polymer produced 
with the highest carbonate linkages (Table 3.4, entry 3) displays a main population that corresponds 
to an almost perfectly alternating structure of carbon dioxide and oxetane, with signals spaced by m/z 
= 102 (Figure 3.3b, red-dotted distribution) corresponding to a sodium-charged -dihydroxyl PTMC 
presenting one more oxetane than CO2 (n = 1, with n representing the number of pristine oxetane in 
the copolymer). It is worth to note that the Figure 3.3b reports both values of “n” and “m”. While “n” 
refers to the number of pristine oxetanes in the copolymer, “m” corresponds to the total 
polymerization degree (DP) of the copolymer [with m = m’ (number of carbonate repeating units) + n 
(number of ether repeating units)]. Additionally, other distributions are clearly visible which can be 
assigned to the same polymer unit but with 2, 3 and 4 molecules of CO2 ‘missing’ from the polymer 
chain (Figure 3.3b, n = 2, n = 3 and n = 4). Notably, the absence of a population that has an equal 
number of oxetane and CO2 units may indicate that oxetane is involved in the initiation step of the 
polymerization. 
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Figure 3.3. MALDI mass spectrum recorded for sample 3 (Table 3.4), global mass spectrum (a) and magnification between 
m/z = 2130 and m/z = 2450 (b). “m” represents the total polymerization degree and “n” the number of missing CO2 molecule 
per structure (TMC unit).  
3.3.4 Attempts of increase molar mass 
Attempts to increase the molar mass of the resulting PTMC by modifying the initial I2/TBD content 
or the relative ratio of I2-to-TBD did not lead to any significant change (Table 3.5). These observations 
reflect those from Darensbourg et al. in which the molar mass of the formed PTMC using a (salen)CrCl2 
catalytic complex was limited to a few thousand as a consequence of the occurrence of rapid and 
reversible chain transfer reactions taking place with residual water.39  
a 
b 
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Table 3.5. Optimization of coupling of CO2 and oxetane using I2/TBD under different catalysts ratio [a]. 
Entry 
TBD 
loading 
mol% 
Catalyst 
ratio/ 
I2:TBD 
Selec. % 
Con. % [b] Mn SEC
[c] 
g·mol-1 ĐM SEC 
[c] 
TMC Carbonate Linkages 
Ether 
Linkages 
1 1.25 2:1 2 71 27 77 4,150 1.42 
2 2.5 1:2 <1 85 15 31 5,000 1.34 
3 [d] 2.5 1:2 2 94 4 51 4,280 1.47 
4  5 1:1 <1 57 43 97 4,970 1.32 
5 2.5 0:1 0 0 0 0 0 0 
6 [e] 0 1:0 3 27 70 44 1,600 1.53 
[a] Copolymerization conditions: 7.88 mmol of oxetane, 1 MPa of CO2, at 105 °C for 24 h. [b] Conversion and 
selectivity were determined from 1H NMR spectroscopy of product mixture. [c] Determined by size-exclusion 
chromatography (SEC) in tetrahydrofuran (THF) with polystyrene standard. [d] CO2 pressure is 3 MPa for 3 days. 
[e] The yield of oligomer is extremely low (3%). 
Reasoning that protic impurities could reasonably affect the polymerization with the present binary 
catalysts system during both propagation and initiating steps, polymerization was realized in the 
presence of benzyl alcohol (BnOH) and 1,4-butanediol (BuOH) as potential exogenous initiators. 
Reactions were performed at 105 °C for 24 h and for an initial oxetane-to-catalyst-to-initiator molar 
ratio of 100/2.5/1 (Table 3.6, entries 1-3). While a slight depression of molar mass of the resultant 
PTMC was indicated by SEC analysis (down to 3,100 g.mol-1), no trace of incorporated alcohol was 
observed in the 1H NMR spectra of the precipitated copolymers (Figure 3.4) where the expected 
chemical shift of benzyl group was not observed (7.40 to 7.19 ppm), suggesting that exogenous 
alcohols are only acting as protic sources. To further test this hypothesis, adding 1.25 mol% of 
exogenous water led to the isolation of oligomers with significantly lower molar mass (1,000 g·mol-1, 
ĐM = 1.79, Table 3.6, entry 4) which suggests that initiation of the polymerization does not involve a 
nucleophilic source and that exogenous alcohols as well as residual water (mainly present in the CO2 
gas) only limits the PTMC molar masses by proton transfer. Inefficiency of the nucleophilic alcohols to 
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end-cap PTMC chains may find origin in their deactivation when they are in presence of both CO2 and 
superbase catalysts.56 
 
Figure 3.4. 1H NMR spectrum (CDCl3, 500 MHz) of copolymer before and after the precipitation from methanol 
(Table 3.5, entry 1). Conditions: 7.88 mmol of oxetane, [M]/[I2]0/[TBD]0/[BnOH]0 = 100/2.5/2.5/1, 1 MPa of CO2, 
at 105 °C for 24 h.    
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Table 3.6. Copolymerization of CO2 and oxetane using I2/TBD with initiators [a]. 
Entry Initiator Conv. % [b] 
Selec. % 
Mn SEC[c] 
g·mol-1 
ĐM SEC [c] 
TMC Carbonate 
linkages 
Ether 
linkages 
1 BnOH 72 <1 78 22 3,100 1.56 
2 BuOH 55 3 82 15 4,250 1.33 
3 [d] BnOH 94 2 80 18 3,830 1.70 
4 [e] H2O 65 7 49 44 1,000 1.79 
 [a] Copolymerization conditions: 7.88 mmol of oxetane, [M]/[I2]0/[TBD]0/[Initiator]0 = 100/2.5/2.5/1, 1 MPa of 
CO2, at 105 °C for 24 h.   [b] Conversion and selectivity were determined from 1HNMR spectroscopy of product 
mixture. [c] Determined by size-exclusion chromatography (SEC) in tetrahydrofuran (THF) with polystyrene 
standard. [d] 1 equivalent P4-tert-Bu is used to deprotonate BnOH in first to obtain alkoxide ion. [e] 
[M]/[I2]0/[TBD]0/[H2O]0 = 100/2.5/2.5/1.25. 
3.3.5 Mechanism investigation 
These observations, added to that of the formation of TMC in the process, led us to further 
investigate the mechanism by which the copolymerisation was occurring, with the aim to elucidate if 
the copolymers were mainly produced by ring-opening polymerization (ROP) of the TMC produced in 
situ or by a direct copolymerization by “chain up” process involving both oxetane and CO2. To this end, 
the copolymerization was followed by 1H NMR spectroscopy and selectivities in the production of TMC 
and carbonate/ether linkages and conversion were schematically reported in the Figure 3.5 and Figure 
3.6, respectively.  
Chapter III 
 
 
 
96 
 
Figure 3.5.  Chart of selectivity of product against time. Conditions of reaction: Copolymerization conditions: 197 
μmol of I2 (2.5 mol%), 7.88 mmol of oxetane, [M]/[I2]0/[TBD]0 = 40/1/1, 1 MPa of CO2, at 105 °C. 
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Figure 3.6. Chart of conversion of oxetane against time. Conditions of reaction: Copolymerization conditions: 197 
μmol of I2 (2.5 mol%), 7.88 mmol of oxetane, [M]/[I2]0/[TBD]0 = 40/1/1, 1 MPa of CO2, at 105 °C. 
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After 30 minutes of reaction, both TMC monomer and copolymer coexist, before the relative 
quantity of TMC drops and copolymer increases. These observations are in agreement with 
Darensbourg’s observations,40 alongside the high selectivity to TMC with the P4-tert-Bu cocatalyst, and 
suggest that TMC is formed before being polymerized through a secondary catalytic cycle to yield 
PTMC (Scheme 3.4). Notably, the high quantity of TMC monomer initially produced is accompanied by 
the presence of oligomers composed by ~ 40 mol% of carbonate that increase throughout the 
polymerization and ~ 30 mol% ether linkages that decrease throughout the reaction. These 
observations prompt us to propose a two-step process mechanism in which oxetane is activated by 
halogen bonding by I2 while a zwitterionic species is created by activation of CO2 by the TBD. The 
electrophilic activation of the oxetane allows it to undergo a nucleophilic attack from the CO2-adduct 
zwitterion thus leading to an alkoxide intermediate that is stabilized by hydrogen bonding from the 
TBD N-H hydrogen. Finally, TMC is produced from an intramolecular nucleophilic substitution on the 
carbonyl group. As the CO2 is in an excess, it is anticipated that free TBD will not be available to initiate 
ROP of the resulting TMC and instead, an active chain end (ACE) mechanism,57 initiated by the I2-
oxetane adduct operates to produce PTMC, consistent with our observation of I2-initiated oxetane ROP. 
The observation that exogenous alcohols do not act as initiators in the polymerization supports this 
mechanism.  
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Scheme 3.4. First step of copolymerization from CO2/oxetane: generation of TMC and oligoetherification of 
oxetane. Second step of copolymerization from CO2/oxetane: generation of copolymer by an “ACE” mechanism. 
To support the postulated ACE ROP initiated from the I2-oxetane adduct, the ROP of commercially 
available TMC monomer was undertaken in presence of a freshly prepared 1:1 I2/oxetane adduct 
(Table 3.7, entry 1), under 1 MPa of nitrogen atmosphere at 105 °C and from an initial [TMC]0/[I2-
oxetane adduct]0 of 40. 
Table 3.7. Polymerization of TMC initiated by the adduct of I2/oxetane. [a] 
 
[a] Copolymerization conditions: 197 μmol of I2/oxetane adduct (2.5mol%), [M]/[C] = 40/1, 1 MPa of N2, at 105°C 
for 24 h. [b] Conversion and selectivity were determined from 1HNMR spectroscopy of product mixture. [c] 
Determined by size-exclusion chromatography (SEC) in tetrahydrofuran (THF) with polystyrene standard. 
Interestingly, after 24 h, quantitative conversion of the TMC monomer yielded a PTMC with Mn = 
6,000 g·mol-1, comparable to that observed from the CO2-based polymerization procedure. 
Entry 
Conv.[b] % Selec. % [b] 
Mn SEC[c] 
g·mol-1 ĐM SEC 
[c] 
TMC EP TMC Carbonate linkages Ether linkages 
1 >99 50 <1 94 6 5,870 1.67 
2 >99 70 <1 98 2 10,000 1.84 
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Interestingly a few percent of ether linkages were also observed in the polymer by 1H NMR 
spectroscopic analysis which could indicate exchange to form an I2-TMC adduct or partial 
decarboxylation of the TMC monomer under these conditions (Figure 3.7). Notably, only 50 mol% of 
the initially used adduct were consumed during the polymerization. Increasing the ratio of [TMC]0/[I2-
oxetane adduct]0 to 80 resulted in a PTMC with Mn = 10,000 g·mol-1 suggesting the initiation capability 
of I2/oxetane adduct in absence of water (Table 3.7, entry 2). Importantly, this polymerization proceeds 
efficiently in the absence of the TBD and hence demonstrates that the base is probably used during 
the first part of the process only, reinforcing then our hypothetical two-step mechanism.  
 
Figure 3.7. 1H NMR spectrum (CDCl3, 500 MHz) of the resultant mixture of polymerization (Table 3.6, entry 1). 
Copolymerization conditions: 197 μmol of I2/oxetane adduct (2.5mol%), [TMC]0/[Initiator] = 40/1, 1 MPa of N2, at 105°C for 
24 h.    
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3.3 Conclusions 
The synthesis of poly (trimethylene carbonate) is reported through a green route using CO2 and 
oxetane catalyzed by I2 and guanidine with 1: 1 ratio under 105 °C, 3 MPa CO2. The study reveals that 
the combination of iodine and the bicyclic guanidine, TBD, provides an efficient synthesis with high 
carbon dioxide incorporation (up to 95 mol%) in such mild conditions. Mechanistic studies revealed 
that polymerization most likely proceeds by formation of trimethylene carbonate monomer that is 
polymerized in situ via an activated chain end mechanism, initiated from an I2/oxetane adduct. These 
advances afford a great opportunity to expand the scope of CO2 utilization in polymer synthesis. 
However, the in situ generated trimethylene carbonate cannot be maintained as the resultant 
under such conditions, which will limit the application of I2-based catalyst system. To provide CO2-
based product in a controlled manner, developing a system that enable control the formation of 
product is necessary for our research. Inspired by the unique selectivity in TMC as catalyzed by I2-
phospahzene system, we were encouraged to investigate the synthesis of TMC from CO2 and oxetane 
using other cocatalysts. In the next chapter, we focused on coupling CO2 with oxetane to prepare TMC 
using I2-based catalytic system that is promising to CO2 valorization. 
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As detailed in the Chapter III, the combination of iodine and TBD provides an efficient synthesis 
strategy with high carbon dioxide incorporation (up to 95 mol%) in mild conditions (105 °C, 3 MPa 
CO2). Mechanistic studies revealed that the polymerization most likely proceeds by formation of the 
trimethylene carbonate (TMC) monomer and its subsequent polymerization in situ via an activated 
chain end mechanism. In our work, we also demonstrated that an equimolar combination of I2 and 
tert-Bu-P4 phosphazene as catalytic complex represents an innovative approach to carbon dioxide 
valorization by generating pure TMC monomer. Such result, alongside with reported works of TMC 
preparation using CO2 and oxetane reagents,1-4 provides a green alternative to the synthesis of TMC 
using I2-based catalysts that can be used for the preparation of controlled polymers.   
Herein, a novel procedure for the preparation of TMC from oxetane and CO2 in a controllable 
pathway and as catalyzed by I2-based binary system under mild conditions [with a high level of TMC 
selectivity (up to 93%)] is reported. Temperature-dependent studies revealed that both TMC 
monomer and its corresponding PTMC polymer can be produced “on-demand” by adequately 
adapting the experimental conditions.  
4.1 Introduction 
Environmental and economic concerns have intensively promoted research on CO2 valorization to 
replace toxic and environmentally poisoning phosgene.5, 6 Conventionally, syntheses applied to the 
TMC production involve the use of 1,3-propanediol (PPD) with either phosgene or linear 
dialkylcarbonate (Scheme 4.1).7 To the best of our knowledge, only few studies have been treated to 
the development of green routes to valorize CO2 and oxetane for the production of TMC, probably 
owning to their relatively low ring strain reactivity (Er) compared to the 3-membered analogues, i.e. 
oxiranes (106 vs 112 kJ·mol-1 for Er oxetane vs Er oxirane).8, 9 
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Scheme 4.1. Conventional methods used for the TMC preparation and its polymerization into PTMC. 
After Baba pioneered the controllable coupling of CO2 and oxetane using organotin halide,10 most 
of the work was focused on the preparation of TMC monomer by using metal-based chemical routes. 
As a few examples, Darensbourg developed oxovanadium derivatives4 to prepare TMC with 99 mol% 
in selectivity under a 3.5 MPa CO2, 60 °C for 8 h, while Kleij reported the use of aluminium-based3 
catalysts to yield 95 mol% TMC after 18 h under a 1 MPa CO2, 70 °C. Very interestingly, Buckley and 
Wijayantha contributed to the coupling of CO2 and oxetane to synthesize TMC via an electrochemical 
process under a 0.1 MPa CO2.1  
As TMC is an important polymer precursor to fabricate biomaterials, a metal-based catalytic 
preparation of TMC limits the applications of such useful monomer owing to the presence of cytotoxic 
metal traces in the final material. Moreover, environmental pollution, high costs, and the inherent 
oxygen and moisture sensitivity of metal-based catalysts are stimulating the development of organo-
based catalysts pronouncedly with the benefits of green credentials and absence of metal-associated 
toxicity.  
Our recent work on the cycloaddition of epoxide and CO2 using an iodine-based binary catalytic 
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system, demonstrated that an equimolar mixture of I2 and a superbase such as phosphazene would 
lead to the preparation of pure TMC (see Chapter III).11 Although the yield associated to the production 
of TMC was relatively low ( 30 % after 5 days), this method reveals that the product formation from 
CO2 depends on the nature of the co-catalyst. Inspired by the cycloaddition of CO2 and epoxide in 
presence of ionic liquid (tetrabutylammonium chloride),12 alongside with the Darensbourg’s work4 
described earlier (Scheme 4.2), it is promising to develop a I2-based binary catalytic system involving 
an ionic liquid as co-partner to promote the exclusive production of TMC. As acetate has been used 
for  the opening of oxetane ring successfully in presence of Lewis acid to apply such anion to our 
research for the purpose of ring-opening oxetane under mild conditions.  
 
Scheme 4.2. Preparation of TMC from CO2 and oxetane using metal-based catalysis (Counter-cation omitted for 
clarity). 
In this chapter, and as compared to the Chapter III, we will demonstrate that a temperature-
dependent synthesis of both TMC and PTMC from a CO2 and oxetane mixture is possible by the use of 
an iodine/tetrabutylammonium acetate (TBAAc) binary system (Scheme 4.3). Kinetics and calculated 
activation energy suggested that the formation of PTMC derives from in situ generated TMC. 
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Scheme 4.3. Schematic comparison between both Chapter III and Chapter IV results (Gud = guanidine, TBD when 
R = H, MTBD when R = methyl). 
4.2 Results and discussion 
Inspired by the Darensbourg’s and Detrembleur’s work on developing binary systems based on the 
use of a tetrabutylammonium salts (TAS) co-catalysts, 4, 13 this work will present the results obtained 
from a CO2/oxetane reaction in presence of a mixture of iodine and various TAS. As an initiating point 
of investigation, tetrabutylammonium acetate (TBAAc) was selected as co-catalyst, under a CO2 
pressure of 1 MPa in bulk. The reaction temperature was the first parameter to be tuned to selectively 
produce TMC or PTMC.  
4.2.1 Temperature effect 
The effect of the temperature was first evaluated in bulk, under a 1 MPa CO2 pressure, at 105 °C 
and in presence of an equimolar mixture of I2 and TBAAc ([I2]0/[TBAAc]0 = 1) used at 2 mol% (relative 
to the 1,3-epoxypropane used as representative oxetane monomer). Initial study on the temperature 
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effect was carried on by using TBAAc as received and for a reaction time of 6 h. Results are summarized 
in Table 4.1. 
Table 4.1. Temperature effect of coupling CO2 with oxetane using I2/TBAAc as catalysis [a] 
Entry 
Catalyst ratio 
I2:TBAAc 
T (°C ) 
Oxetane 
Conv. %[b] 
Selectivity %[b] 
TMC polyTMC ether linkages 
1 1:1 105 4 75 25 <1 
2 2:1 105 95 2 51 47 
3 2:1 85 70 30 30 40 
4 2:1 75 68 64 18 18 
5 2:1 65 50 72 11 17 
6 2:1 55 27 82 4 14 
7[c] 2:1 65 60 30 28 42 
[a] Copolymerization conditions: 7.88 mmol of oxetane, 1MPa CO2, 6 h; [b] Conversion and selectivity were 
determined from 1H NMR spectroscopy of product mixture; [c] TBAAc replaced by TBD. 
After 6 h, despite an elevated selectivity in the production of TMC, as determined by 1H NMR 
analysis with the representing signal δ = 4.46 ppm (75 mol%), the overall very low conversion (4 mol%)  
suggest co-catalysts were necessary to catalyze this reaction (Table 4.1, entry 1, Figure 4.1).  
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Figure 4.1. 1H NMR spectrum (CDCl3, 500 MHz) of the resultant mixture of coupling reaction (Table 4.1, entry 1). 
Conditions:  7.88 mmol oxetane, [I2]0/[TBAAc]0/[oxetane]0 = 1/1/50, 1 MPa CO2, 105 °C, 6h. TBAAc alkyl groups 
( ); methyl groups of acetate ( ). 
To speed up the reaction, 2 equivalents of I2 relative to TBAAc ([I2]0/[TBAAc]0 = 2) were used to 
exam the overall catalytic activity. After 6 h, the catalytic complex did not lead to the selective 
synthesis of the desired TMC but impressively afforded 95 mol% of oxetane conversion in polymer 
structure (Table 4.1, entry 2). While SEC analysis was not used to characterize it, 1H NMR analysis 
concluded on the presence of a poly(carbonate-co-ether) composed by 51 mol% of carbonate 
repeating units with the representing signals at δ = 4.23 ppm for carbonate linkages and δ = 3.50 ppm 
for ether linkages. As mainly presented in the state-of-the-art and also demonstrated in Chapter III of 
this thesis, the TMC polymerization rate was dramatically affected by the reaction temperature when 
a cationic mechanism is involved for its polymerization.14 Moreover, cationic polymerization of TMC 
under high temperature resulted in low molecular weight polycarbonate (Mn < 6,000 g·mol-1) and a 
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small proportion of ether linkages, which is the consequence of the degradation and decarboxylation 
of polymer chain.15, 16 As such, the polymerization of an in-situ generated TMC from CO2/oxetane could 
be tuned by lowering the reaction temperature to limit the reaction to an exclusive production of TMC. 
To support this hypothesis, a series of temperature-dependent experiments was then performed 
([I2]0/[TBAAc]0 = 2) under a 1 MPa CO2 pressure and for 6 h. Aliquots were withdrawn and analyzed by 
1H NMR spectroscopy (Table 4.1, entries 3 – 6).  
Decreasing the temperature of the reaction by 20 °C (from 105 to 85 °C) already allowed the 
selectivity toward TMC to be enhanced (Table 4.1, entry 3). Such increased selectivity in TMC 
formation (and then the diminished production of oligomers) motivated us to drop down the 
temperature to 55 °C. The overall oxetane conversion was decreased (~ 70 to ~30 mol%) with lowering 
temperature, the TMC formation was impressively enhanced to ~ 80 mol% in selectivity at 55°C  (Table 
4.1, entry 6). Replacing TBAAc by a TBD superbase resulted in an uncontrollable reaction (Table 4.1, 
entry 7) yielding, after 6 h, only 30 mol% of TMC and significant amount oligoethers (42 mol% in 
selectivity).  
Such result, alongside the unique selectivity in TMC production when a I2/tert-Bu-P4 catalytic 
complex is used under a 3 MPa CO2 pressure,11 suggests that the nature of the cocatalyst is of great 
importance and should be investigated in details. Furthermore, the level of dryness of the co-catalyst 
has a tremendous impact on the selectivity of the process. By using dry TBAAc (cf. Experimental 
Section) at 65°C, a selectivity towards TMC of 86 mol% was obtained while contents in polyTMC and 
ether linkages are limited to 2 and 12 mol%, respectively (Table 4.2, entry 1). More impressively, 
decreasing the temperature to 55°C importantly improves the selectivity in TMC production by 
reaching 94 mol% (overall oxetane conversion ~ 20%, Table 4.3, entry 1).  
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4.2.2 Cocatalyst screening 
In this study, TBAAc activity was compared to the tetramethyl-, tetraethyl- and tetrabutyl 
ammonium salts (Scheme 4.4). Experimental conditions were similar to the ones already presented, 
i.e. a [I2]0/[cocatalysts]0/[oxetane]0 ratio of 2/1/50, a reaction time of 6 h, a temperature of 65 oC and 
a PCO2 of 1 MPa.  
At a first glance, all studied co-catalysts presented a lower selectivity for TMC production as 
compared to TBAAc. Among these, tetrabutylammonium benzoate (TBABz) induced a relatively high 
TMC selectivity (60 mol%) for a moderated overall yield of 36 mol% (Table 4.2, entry 5). Unfortunately, 
37 mol% of ether bonds were also produced which limits the interest of that co-catalyst. 
 
Scheme 4.4. I2-based binary catalytic system for CO2/oxetane coupling reaction (co-catalysts were all dried 
before use). 
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Table 4.2. Coupling of CO2/oxetane in presence of various ammonium salts co-catalysts. [a] 
Entry Co-catalysts 
Conversion/ % 
[b] 
Selectivity / % [b] 
TMC polyTMC ether 
1 TBAAc 45 86 2 12 
2 TBAI 43 35 24 41 
3 TBABr 56 24 20 56 
4 TBACl 60 31 22 47 
5 TBABz 36 60 3 37 
6 TEtACl 42 3 11 86 
7 TMeACl 5 <1 <1 >99 
8 TBAAi <1 <1 <1 <1 
[a] Conditions: [I2]0/[cocatalysts]0/[oxetane]0 = 2/1/50, t = 6 h,  T = 65 oC, PCO2 = 1 MPa. [b] The selectivity and 
conversion of oxetane were calculated by 1H NMR. 
Since halide-based ionic liquids are known to be used as efficient co-catalysts for CO2/1,3-
epoxypropane cycloaddition,17-19 tetrabutylammonium chloride (TBACl), tetrabutylammonium 
bromide (TBABr) and tetrabutylammonium iodide (TBAI) were selected to examine their catalytic 
activity when used together with I2 (Table 4.2, entries 2 - 4). Although comparable to superior overall 
conversions, halide-contained catalysts provided a 2 to 3 times lower selectivity in TMC (24 – 35 mol%, 
Table 4.2, entries 2 - 4) as compared to TBAAc. Interestingly, by increasing the halide atom radius of 
the ammonium salt (Cl < Br < I), the oxetane conversion increased from 43 to 60 mol% with a more or 
less comparable selectivity in TMC (around 30 mol%), suggesting that the halide counter-anion does 
not affect the CO2-involved coupling reaction but only contributes to the activation of the oxetane co-
monomer (Scheme 4.5).  
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Scheme 4.5. Effect of using halogen-based as co-catalyst 
Since the length of alkyl chains on the ammonium cation affects the solubility of ionic liquid and 
hence influence the activity of homogenous catalysis,20, 21 tetraethylammonium chloride (TEtACl) and 
tetramethylammonium chloride (TMeACl) were also compared in terms of catalytic efficiency and 
selectivity. Unfortunately, TEtACl involved an inferior activity towards coupling reaction between 
carbon dioxide and the oxetane that limit the selectivity for TMC to 3 mol% (Table 4.2, entry 6). As 
expected, since its methyl analogue presents a very low solubility in bulk at 65°C, an inferior catalytic 
activity was observed and only 5 % conversion was obtained (Table 4.2, entry 7). Finally, 
tetrabutylammonium azide (TBAAi) was examined as potent co-catalyst since it has been successfully 
applied to CO2/oxetane copolymerization along with a metal salen based catalyst.22 The coupling 
reaction also failed probably due to a catalyst deactivation. Such hypothesis is supported by the work 
of Haight & Jones who demonstrated that the reaction between I2 and azide anion inevitably leads to 
the production of nitrogen gas and iodide.23 
4.2.3 Reaction conditions modification 
In the previous paragraph, a I2/TBAAc binary system (used at a 2-for-1 ratio at 65°C) has been used 
to efficiently convert oxetane in TMC. As also presented in Section 4.2.1, lowering the temperature to 
55°C improves even more the overall selectivity of TMC by pushing it to 94 mol% when a pressure in 
CO2 of 1 MPa is applied. Unfortunately, such elevated selectivity was observed from a relatively low 
overall conversion of the as-used oxetane. 
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The experimental results obtained for two initial ratios ([I2]0/[TBAAc]0/[oxetane]0 = 2/1/50 and 
2/1/100) performed at 55°C, under two different pressures in CO2 (1 and 3 MPa) and for two reaction 
times (6 and 24 h) (Table 4.3). It is important to note that the pressure in CO2 was limited to 3 MPa for 
some practical issues.  
Table 4.3. Coupling of oxetane and CO2 catalyzed by different loadings of I2/TBAAc and CO2 pressure at 55°C[a] 
Entry 
Catalyst ratio 
(I2/TBAAc/oxetane) 
t / h Pressure 
/MPa 
Conversion
/ % [b] 
Selectivity / % [b] 
TMC polyTMC ether 
1 2/1/50 6 1 20 94 2 4 
2 2/1/50 24 1 94 73 12 15 
3 2/1/100 6 1 6 95 2 3 
4 2/1/100 24 1 20 91 4 5 
5 2/1/100 24 3 23 99 0 1 
6 2/1/100 48 3 40 94 1 5 
[a] Coupling conditions: 9.85 mmol of oxetane, 55 °C; [b] Conversion of oxetane and selectivity were determined 
from 1H NMR spectroscopy of product mixture. 
Very interestingly, keeping constant the amount of TBAAc to 2 mol% and increasing the reaction 
time to 24 h under 1 MPa in carbon dioxide (Table 4.3, entry 2) did not allow to achieve a high 
selectivity toward the TMC product but provide oligomers with ca. 27 mol%. Because all three 
parameters including catalytic loading, reaction time and CO2 pressure could influence the overall 
selectivity of the process, the modification of these parameters one-by-one was studied to select the 
best experimental conditions allowing TMC to be selectively produced in a high yield.  
By reducing the initial TBAAc content to 1 mol% (Table 4.3, entries 3-4), we could achieve a 
selectivity of 90 mol% for TMC. Very interestingly, the increase in CO2 pressure renders possible a high 
selectivity in TMC for an overall conversion of 40 mol% after 48 h while an impressive selectivity of 99 
mol% TMC after 24 h for an overall yield of 23% (Table 4.3, entries 5 – 6).  
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Since simple optimizations of the reaction conditions allowed the production of TMC with an 
appreciable selectivity, the influence of iodine to TBAAc ratio was also investigated to further increase 
the yield of TMC. At the exception of one reaction realized without TBAAc (Table 4.4, entry 1), all other 
experiments were carried out with 1 mol% of the ammonium salt (rel. to oxetane), under 3 MPa CO2 
at 55 °C in bulk for 24 h (Table 4.4).  
The reaction performed with 1 mol% of iodine only allowed 60 mol% of TMC to be produced while 
a massive amount of polyTMC and ether linkages were also produced. The high amount of ether 
linkages (27 mol%) could result from the reaction between I2 and oxetane, yielding a charge transfer 
complex (CTC), a triiodide and a pentaiodide.24 Such phenomenon will be presented and explained 
later on in this chapter (UV-vis spectroscopy analysis). These results suggest that the presence of a 
TBAAc co-catalyst is necessary and iodine is essential for an efficient CO2 and oxetane coupling. 
Table 4.4.  Different catalyst ratios of I2 and TBAAc for CO2 and oxetane coupling reaction at 55 °C. [a] 
Entry 
Catalyst ratio 
(I2/TBAAc/oxetane) 
Conversion/ % 
[b] 
Selectivity / % [b] 
TMC polyTMC ether 
1 1/0/100 13 60 13 27 
2 0/1/100 0 0 0 0 
3 1/1/100 <1 <1 <1 <1 
4 1.25/1/100 <1 <1 <1 <1 
5 1.50/1/100 <1 <1 <1 <1 
6 1.75/1/100 7 95 5 0 
7 2/1/100 23 99 0 1 
[a] Coupling conditions: 9.85 mmol of oxetane, 55 °C, 3 MPa CO2 for 24 h; [b] Conversion of oxetane and 
selectivity were determined from 1H NMR spectroscopy of product mixture. 
The result of TBAAc-dependent reaction supported this conclusion since no catalytic activity was 
observed in presence of pristine TBAAc (Table 4.4, entry 2). Notably, attempts to adjust I2/TBAAc ratios 
(for [I2]0/[TBAAc]0 < 2) in order to increase the TMC selectivity were unsuccessful limiting the 
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production of TMC to 95 mol% in selectivity for a conversion 7 mol% when a [I2]0/[TBAAc]0 ratio of 
1.75 was applied (Table 4.4, entries 3 - 6). The inferior activity of these co-catalysts mixtures suggests 
a possible interaction between I2 and TBAAc that could somehow lead to a catalyst annealing.  
To understand the interaction between I2 and TBAAc, UV-Vis spectroscopy was applied with the 
titration of I2 and TBAAc into THF to mimic the scenario of I2/TBAAc in oxetane solution (Figure 4.2). 
The spectra were recorded at room temperature with the addition of I2/TBAAc in nanomole-scale in 
the 225 to 550 nm wavelengths range. With the addition of I2 alone, the interaction between I2 and 
THF can be observed by the formation of a complex (CTC) presenting an absorption band at  = 290 
nm with the concomitant presence of triiodide ( = 366 nm) and pentaiodide species ( = 442 nm) 
(Figure 4.2).9,24  
Right after reaction with I2 only (10 nmol·L-1), an equimolar amount of TBAAc was added to the 
mixture. In presence of a [I2]0/[TBAAc]0 = 1, a considerable enhancement of both CTC and triiodide 
absorbances is clearly observed while the contribution of the pentaiodide structure disappears. 
Further addition of I2 allowed the absorptions of both CTC and triiodide species to increase gradually 
to a maximum absorbance obtained for a [I2]0/[TBAAc]0 ratio of 2. Alongside with the results presented 
in Table 4.4, these titration results suggest that the activation of oxetane using I2/TBAAc (2:1) catalysts 
could be realized via CTC and triiodide species.  
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Figure 4.2. Titration of I2 and TBAAc in THF solution under room temperature from 225 nm to 550 nm. 
4.2.4 Solvent effect 
On the basis of results discussed in section 4.2.3 (1 mol% in TBAAc and 2 mol% of I2, 3 MPa CO2), a 
great selectivity in TMC (> 95 mol%) was yielded. These experimental conditions were applied to study 
and further increase the oxetane conversion while maintaining a unique TMC selectivity by using 
different solvents. Indeed, it has been reported that using an appropriate solvent (acetonitrile and 
toluene) for the coupling of CO2 and oxetane could allow the reaction to be controlled both 
thermodynamically and kinetically.1, 4, 25 
Reactions were carried out under the above-mentioned experimental conditions (55 °C, 3 MPa CO2, 
I2: TBAAc = 2:1, 1 mol% TBAAc) while using an initial oxetane monomer concentration of 7.5 mol·L-1 
(Table 4.5).  
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Table 4.5. Solvent effects for CO2 and oxetane coupling catalyzed by I2 and TBAAc[a] 
Entry Solvent 
Polarity 
Index (PI) 
Conversion/ % 
[b] 
Selectivity / % [b] 
TMC polyTMC ether 
1 n-Hexane 0.10 85 70 16 14 
2 Toluene 2.40 22 78 7 15 
3 CHCl3 2.70 20 93 0 7 
4 CH2Cl2 3.10 30 93 4.5 2.5 
5 1,4-dioxane 5.27 80 85 7 8 
6 DMF 6.40 36 99 <1 <1 
7[c] DMF 6.40 57 97 3 0 
8[d] DMF 6.40 93 93 4 3 
9 DMAc 6.50 15 67 13 20 
10 NMP 6.70 10 90 10 0 
[a] Coupling conditions: 4.92 mmol of oxetane, [I2]0:[TBAAc] 0:[oxetane]0 = 2:1:50, [oxetane]0 = 7.5 mol·L-1, 55 °C, 
3 MPa CO2 for 48 h; [b] Conversion of oxetane and selectivity were determined from 1H NMR spectroscopy of 
product mixture. [c] 72 h; [d] 96 h.  
By performing the reaction in presence of n-hexane, 70 mol% TMC with the concomitant of ~ 15 
mol% of carbonate and ether linkages was obtained, respectively, while 85 mol% of oxetane was 
converted to the products after 48 h (Table 4.5, entry 1). A similar selectivity for TMC (78 mol%) was 
observed when toluene was used (Table 4.5, entry 2). Such low selectivity toward the desired product 
could be ascribed to the low polarity solvent used, which promotes the polymerization of TMC to 
PTMC. The detail is discussed as the following. As the ceiling temperature (Tc) of the polymerization 
depends on the polymerization enthalpy (ΔHp), entropy change (ΔSp), and equilibrium monomer 
concentration ([M]eq) (equation 4.1). It describes that Tc is decreased with an initial concentration of 
monomer ([M]) is decreased.26 However, the influence of solvent on ΔHp and ΔSp is omitted in this 
equation.  
                                      𝑇𝑐 =  
∆𝐻𝑝
∆𝑆𝑝+𝑅ln ([𝑀]𝑒𝑞)
                                            equation 4.1 
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On the basis of Albertsson’s research,27  it is likely that the conformation of cyclic carbonate 
monomer is forced to change into a more or less favored conformation when solvents with different 
polarity (different dielectric constants) used, determining the ring strain and ΔHp. The high difference 
in polarity between monomer and solvent would result in promoting monomer’s ring strain and hence 
increasing the absolute value for ΔHp. Moreover, with the addition of solvent, ΔSp increases, 
consequently changing the system thermodynamics. However, such ΔSp value increase could be 
mitigated by adding a solvent with similar polarity to the reaction, since the favored interaction 
between monomer and solvent with similar polarity provides an ordered network and hence prevents 
a pronouncedly increase in entropy.27 As such, solvent intermedia affect the Tc remarkably owing to 
the considerable change in absolute value of ΔHp and ΔSp. For example, the polymerization of 2-
allyloxymethyl-2-ethyl-trimethylene carbonate in toluene (2 mol·L-1), ΔHp is -11.1 ± 0.026 kJ·mol-1 and 
the entropy change (ΔSp) is -21.9 ± 1.5 J·mol-1·K-1, while in acetonitrile(2 mol·L-1) these values change 
to ΔHp = -7.6 ± 0.072 kJ·mol-1 and ΔSp = -18.3 ± 1.0 J·mol-1·K-1.27 
 In order to obtain TMC and reduce the polymerization induced from CO2 and oxetane coupling, 
decreasing Tc turns to be a feasible approach. Since the inherent carbonate group renders the high 
dielectric constant to TMC monomer, adding the solvent with high polarity would decrease ΔHp and 
maintain ΔSp leading to a low Tc. As might be expected, an enhancement in the TMC selectivity (93 
mol%) was observed with a low oxetane conversion (20 - 30 mol%) with the use of high polarity 
solvents, such as chloroform (CHCl3) and dichloromethane (CH2Cl2), while only traces of polyTMC and 
ether linkages have been observed (Table 4.5, entries 3-4). Notably, the use of 1,4-dioxane involves a 
reaction providing a comparable TMC selectivity (85 mol%) with a minor by-product (carbonate, 7 
mol%, and ether 8 mol%) after 80 mol% of oxetane was incorporated (Table 4.5, entry 5), suggesting 
that the polarity of the reaction medium indeed affected the polymerization of in situ generated TMC.  
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With the exception of dimethylacetamide (DMAc), all highly polar solvents including N-methyl-2-
pyrrolidone (NMP) and dimethyl formamide (DMF) considerably reduce the propensity of the oxetane 
and the as-formed TMC to be polymerized, limiting the reaction to the production of TMC monomer. 
Very interestingly, after 48 hours of reaction, performing the reaction in DMF allows an oxetane 
conversion of 36 mol% to be obtained with a TMC selectivity of 99 mol%. By extending the reaction 
time to 72 h, a slight drop of TMC selectivity (97 mol%) with minor byproducts (carbonate linkages, 3 
mol%) was observed through improving the conversion to a reasonable 57 mol% (Table 4.5, entry 7). 
Notably, as observed by 1H NMR analysis (Figure 4.3), after 96 h of reaction to an overall conversion 
of 93 mol% and a selectivity in TMC of 93 mol% was obtained (Table 4.5, entry 8). Such a unique 
conversion to cyclic carbonate could be the result of an improved activation of the CO2 by DMF 
(Scheme 4.6). 28-30  
 
Scheme 4.6. The possible activation of CO2 by DMF. 
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Figure 4.3. 1H NMR spectrum (CDCl3, 300 MHz) of the resultant mixture of coupling reaction (Table 4.5, entry 8). 
Conditions:  4.92 mmol oxetane, [I2]0/[TBAAc]0/[oxetane]0 = 2/1/50, [oxetane]0 = 7.5 M, 3 MPa CO2, 55 °C, 96h. 
TBAAc alkyl group ( ), methyl group of acetate ( ). 
4.2.5 Copolymer synthesis  
On the basis of our previous results (Section 4.2.1) that the possibility to selectively limit the 
reaction between carbon dioxide and oxetane to TMC monomer at low temperature, attempts to 
directly prepare PMTC chains by applying a I2/TBAAc catalytic complex at high temperature were 
realized. Reactions were initially carried out in bulk at 105 °C, under 3 MPa CO2, with an initial ratio of 
[I2]0:[TBAAc]0:[oxetane]0 equal to 2:1:50 and for 24 h. SEC analysis of the crude mixture revealed the 
presence of a polymer characterized by a number-average molar mass (Mn) of 2,300 g·mol-1 and a 
dispersity value (Mw/Mn = ĐM) of 1.57.  1H NMR analysis of the product revealed that 71.2 mol% of 
oxetane were incorporated to the polymer chains as carbonate repeating units while 27.1 mol% 
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served as ether bonds suggesting the formation of a poly(carbonate-co-ether) structure (Table 4.6, 
entry 1). On the basis of the catalytic loading effect, reducing the co-catalyst molar amounts by half 
(i.e. for a [I2]0:[TBAAc]0:[oxetane]0 = 2:1:100) allows a higher molar mass copolymer to be produced 
(Mn = 4,400 g·mol-1 ; ĐM = 1.69) containing 78 mol% of carbonate linkages (Table 4.6, entry 2). These 
results are in agreement with the results presented in Chapter III where a reduced catalyst loading 
retaining CO2 pressure at 3 MPa benefits the selectivity towards carbonate linkages.11  
Table 4.6. Copolymerization of oxetane and CO2 catalyzed by I2 and TBAAc at 105 °C  [a] 
Entry 
[I2]0/[TBAAc]0
/[oxetane]0 
t / h 
Conversion
/ % [b] 
Selectivity / % [b] Mn (SEC) [c]  
g·mol-1 
ĐM[c] 
TMC polyTMC ether 
1 2:1:50 24 99 1.7 71.2 27.1 2,300 1.57 
2 2:1:100 24 97 3 78 19 4,400 1.69 
3 2:1:200 48 98 5 82 13 5,400 1.46 
4 2:1:400 96 89 9 84 7 6,400 1.63 
[a] Coupling conditions: 0.039 mmol of TBAAc, 105 °C, 3 MPa CO2; [b] Conversion of oxetane and selectivity were 
determined from 1H NMR spectroscopy of product mixture.  [c] Determined by SEC in tetrahydrofuran (THF) 
with polystyrene standards. 
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Figure 4.4. 1H NMR spectrum (CDCl3, 500 MHz) of the resultant mixture of copolymerization (Table 4.6, entry 4). 
Conditions:  15.76 mmol oxetane, [I2]0/[TBAAc]0/[oxetane]0 = 2/1/400, 3 MPa CO2, 105 °C, 96h.  
Notably, by further decreasing the catalyst loading to 0.5 mol% in TBAAc ([I2]0/[TBAAc]0/[oxetane]0 
= 2/1/200), and after 48 h, a slight enhancement of the copolymer carbonate content was observed 
(82 mol%) yielding a copolymer characterized by a Mn of 5,400 g·mol-1  and a ĐM of 1.49 (Table 4.6, 
entry 3).  A further reduced catalyst loading of 0.25 mol% in TBAAc (relative to the oxetane content) 
kinetically required 96 h to reach an overall conversion of 89 mol% (Table 4.6, entry 4). Such 
experimental condition yielded a copolymer characterized by a molar mass slightly higher than the 
one previously obtained (Mn = 6,400 g·mol-1, ĐM = 1.63) but interestingly composed by a reduced 
amount of ether linkages as determined by 1H NMR analysis (Figure 4.4). 
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To verify the composition of the resulted copolymer, the precipitation of the crude mixture (Table 
4.6, entry 4) from methanol was characterized by 1H NMR spectroscopy (Figure 4.5). , The copolymer 
is characterized by 96 mol% of carbonate content and a minor ether-linkages of 4 mol% (Figure 4.6).  
 
Figure 4.5. 1H NMR spectrum (CDCl3, 500 MHz) of the copolymer purified from the precipitation in methanol 
(Table 4.6, entry 4). Conditions:  15.76 mmol oxetane, [I2]0/[TBAAc]0/[oxetane]0 = 2/1/400, 3 MPa CO2, 105 °C, 
96h.  
As a representative example, the polymer containing the highest carbonate linkages (Table 4.6, 
entry 4) displays a signal spaced by m/z = 102 (Figure 4.6) corresponding to a sodium-charged -
dihydroxyl PTMC presenting two more oxetane than CO2 (the signal at m/z = 1585.47). It is worth to 
note that Figure 4.6 reports both values of “n” and “m”. While “n” refers to the number of pristine 
oxetanes in the copolymer, “m” corresponds to the polymerization degree (DP) of TMC. Additionally, 
the signal at m/z = 1527.43 is assigned to the same polymer unit, misses 3 CO2 on the polymer chain.  
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Figure 4.6. MALDI mass spectrum recorded for the sample of entry 4 (Table 4.6) after the precipitation from 
methanol, magnification between m/z = 1480 and m/z = 1610 (b). “m” represents the TMC unit and “n” the 
number of oxetane unit. 
4.2.6 Kinetics of coupling reaction 
• Rate law of coupling reaction 
To understand the kinetic behavior of such coupling reaction and to provide information for the 
further mechanism study, the reaction rates associated to different concentrations in individual 
reagents (oxetane and CO2) and catalysts were studied by a series of experiments.  
As a very general expression, the overall rate law of the reaction can be simply expressed by 
equation 4.2.  
r = kobs[oxetane]x[Cat.]y[CO2]z                                              (equation 4.2) 
Where r is the reaction rate; 
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             kobs is the observed rate constant; 
           [oxetane] is the oxetane concentration; 
           [Cat.] is the I2/TBAAc binary catalyst with a fixed ratio of 2:1; 
           [CO2] is the CO2 concentration; 
           and exponents x, y, and z the partial orders in oxetane, catalyst and carbon dioxide, 
respectively. 
The kinetic experiments were performed at 55 °C since the selectivity of TMC is superior with 
minor by-product (Table 4.1, entry 6), and the aliquot of resultant was analyzed by 1H NMR 
spectroscopy to determine the conversion of oxetane. 
Reaction order in [oxetane]: The reaction order in oxetane was determined by independent 
experiments with respect to varying concentrations of oxetane (5.84, 6.48, 7.68 and 10.09 mol·L-1), in 
CH2Cl2. Considering its chemical inertness and comparable physical properties (boiling point) and 
controllability in the initial period (Table 4.5, entry 4), CH2Cl2 should be comparable to solvent-free 
conditions. Experiments were conducted in a total volume of 0.64 mL with 0.306 mol·L-1 of I2, 0.5 
equivalent of TBAAc, at 55 °C , under 3 MPa of CO2 (conditions in which the maximum yield of TMC 
was obtained).  
1H NMR spectroscopic was used to monitor the reaction at the initial stage of the process (low 
conversion, 5 – 20 %) that was assumed as “steady-state”.31 A plot of the initial rate of coupling 
reaction vs the initial oxetane concentration evidently revealed a linear dependence confirming a first 
order kinetics suggesting that the ring-opening process of the oxetane is the rate-limiting step (Figure 
4.7). 
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Figure 4.7. Linear fitting to the initial rate of coupling reaction (mol·L-1·h-1) vs the initial concentration of oxetane 
(mol·L-1). Experimental conditions: 0.306 mol·L-1 I2 with 0.5 equivalent TBAAc, 3 MPa CO2, 55 °C . 
Reaction order in [Cat]: The reaction order in catalyst was determined by performing the reaction 
with 7.68 mol·L-1 oxetane in CH2Cl2 under 3 MPa CO2 at 55 °C  and over the range of [Cat.] = 0.184, 
0.246, 0.306, 0.492 mol·L-1. 1H NMR spectroscopic analyses revealed a linear relationship between the 
initial rate and the initial catalyst concentration that indicated a first order with respect to [Cat.] 
(Figure 4.8). Such result revealed that only one CTC complex was involved in the catalytic circle.  
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Figure 4.8. Plot of the initial rate of coupling reaction vs catalyst concentration presenting a linear fit as 
determined by 1H NMR spectroscopy. Experimental conditions: initial [oxetane] = 7.68 mol·L-1, in CH2Cl2, at 55 °C , 
3 MPa CO2. 
Reaction order in [CO2]: The reaction order in CO2 was studied by varying the initial CO2 pressure 
applied to the medium. Owing to the fact that a reaction temperature of 55 °C  is slightly higher than 
the oxetane boiling point (50 °C ), a pressurized atmosphere in CO2 of 0.1 MPa cannot be applied to 
perform the reaction which could lead to mass transfer and provide inaccurate results. As such, the 
pressure-dependent reactions, alongside with the pressure limitation of autoclave (0 - 5 MPa), were 
carried out over the range 0.5 – 3 MPa at 55 °C , with 0.306 mol·L-1 I2 and 0.5 equivalent TBAAc in 
presence of 7.68 mol·L-1 oxetane. The 1H NMR spectroscopic analysis revealed a linear dependence on 
CO2 pressure in the range of 0.5 – 2 MPa CO2 suggesting a first order in [CO2]. When a relatively high 
pressure was applied (2 – 3.5 MPa), the order of [CO2] was shifted to zero suggesting that CO2 insertion 
in the catalytic circle was rapid under high pressure range (2 – 3.5 MPa CO2) (Figure 4.9). Such 
conclusion is in agreement with Rieger’s observation that a first order in CO2 is obtained at low 
pressure (0.5 – 2.5 MPa) while a zero order is observed for higher pressure (2.5 – 4.5 MPa).32 
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Figure 4.9. Plot of the initial rate of coupling reaction vs the initial CO2 pressure. A linear relationship between 
the initial rate (mol·L-1·h-1) and CO2 pressure (MPa) under low pressure range (0.5 – 2 MPa) while an independent 
relationship was observed under high pressure (2 – 3.5 MPa). Experimental conditions: [oxetane] = 7.68 mol·L-1, 
[Cat.] = 0.306 mol·L-1 at 55 °C  in CH2Cl2. 
On the basis of that partial orders determination, the rate law of the coupling reaction can be 
expressed by the equation 4.2 for a pressure range of 2 – 3.5 MPa. 
r = kobs[oxetane]1[Cat.]1[CO2]0                                              (equation 4.2) 
• Activation energy 
The rate law determination allows the activation energies for both coupling and copolymerization 
to be determined. The activation energies determination was conducted by performing coupling 
reactions under various temperatures. Aliquots of the mixtures were monitored by 1H NMR 
spectroscopy to get access to the oxetane conversion and the selectivity of the resultant products.  
Experiments were performed under an initial concentration of 7.68 mol·L-1 of oxetane in CH2Cl2, a 
0.306 mol·L-1 of I2 with 0.5 equivalent TBAAc and 3 MPa CO2. The CO2 was chosen in the relatively high 
pressure since zero-order with respect to [CO2] (Figure 4.9) was observed suggesting that under a high 
CO2 pressure the initial rate (r) is related to the initial concentration of catalyst ([Cat.]) and oxetane 
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([oxetane]) only. The initial rates for the formations of both TMC and PTMC vs temperature are 
illustrated in Figure 4.10.  
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Figure 4.10. The initial rates of formation of TMC (black square) and PTMC (red circle) versus reaction 
temperature. Experimental conditions: [oxetane] = 7.68 mol·L-1, [Cat.] = 0.306 mol·L-1, 3 MPa CO2 in CH2Cl2. 
Evolutions of both initial rates of TMC and PTMC formations clearly revealed that the initial rate of 
TMC reaches a maximum (~ 0.0015 mol·L-1·h-1) at 65 °C . At such temperature, the process is 
accompanied by the presence of a slow PTMC production that increases exponentially with the 
reaction temperature. Alongside with the proposed mechanism of CO2 and oxetane copolymerization 
as catalyzed by I2 and guanidine (cf. Chapter III),11 it suggested that the in situ generated TMC is 
incorporated to the polymer chain rapidly under relatively high temperatures (95 – 105 °C ). To provide 
the relative activation energies of both TMC and PTMC formation, the energy barrier determination 
of TMC was studied in a low temperature range going from 35 to 65 °C  while the one of the PTMC 
production was calculated between 75 and 105 °C. As such, the rates under the corresponding 
temperature were applied to the calculation of rate constant (k) for the further activation energy (Ea) 
determination via Arrhenius plots (Figure 4.11).  
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Figure 4.11. Arrhenius plots for TMC (left) and PTMC (right). The equations for the linear fit were provided on 
the top right while the activation energies for both formations were given in the bottom left corners as insets. 
Experimental conditions: [oxetane] = 7.68 mol·L-1, [Cat.] = 0.306 mol·L-1, 3 MPa CO2 in CH2Cl2. 
The schematic energic reaction pathway for both TMC (36.93 kJ·mol-1) and PTMC (49.94 kJ·mol-1) 
production is shown in Figure 4.12. Such small energetic difference between Eas (Ea = 13 kJ·mol-1) 
allows the explanation of low controllability of TMC formation in bulk suggesting that the presence of 
solvent is necessary to the unique preparation of TMC. As comparison, the required energy to produce 
PTMC is only slightly higher than the one calculated by Darensbourg when applying the very efficient 
chromium salen catalytic complexes (Ea = 45.6 ± 3 kJ·mol-1).33  
From selective formation of trimethylene carbonate to its “on-demand” polymerization: Impact of 
the iodine/ionic liquid cooperative catalytic system 
 
 
135 
 
Figure 4.12. The schematically representation of reaction pathway for the formation of TMC and PTMC with 
experimentally determined activation energies, Ea (TMC) = 36.93 kJ·mol-1, Ea (PTMC) = 49.94 kJ·mol-1. 
 
4.3 Conclusion 
A novel green procedure for  trimethylene carbonate syntheses and its polymer formation is 
reported using commercially available organocatalysts. A high level of TMC selectivity was achieved 
from CO2 and oxetane using  iodine in combination with ionic liquid (tetrabutylammonium acetate) as 
catalysts under mild conditions either in bulk or in DMF. Kinetic study and calculated activation energy 
reveal that the in-situ generated trimethylene carbonate can be polymerized “on-demand” by an 
adequate change in the temperature of reaction. Such green and temperature-dependent procedure 
provides a useful route to CO2 utilization in both small molecule and polymer synthesis. 
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Conclusion and outlooks 
Environmental protection and depletion of fossil fuels have stimulated the research of CO2 
valorization. The transformation of CO2 into fine chemicals has received a great deal of attention since 
such abundant and non-toxic C1 feedstock is promising to replace highly toxic phosgene. Due to its 
fully oxidized state and symmetric molecular structure, CO2 is characterized by an inert activity 
requiring the development of catalytic tools to valorize it. Thanks to the progress of catalytic chemistry, 
varying catalysis has been applied to transform CO2 into fine chemicals such as carboxylic acid, 
urethane, cyclic carbonates, and CO2-based copolymers. With replacing fossil-fuel plastics as a future 
perspective, the copolymerization of CO2 with other monomers such as oxygen-based heterocycles 
have been researched on a sophisticated level using metal-based catalysis. However, the drawbacks 
of environmental pollution, high costs and the inherent oxygen and moisture lability restrict the 
applicability of metal-based catalysis , especially in the fields of biomaterials and microelectronics. To 
overcome these drawbacks, organo-based catalysis is being developed with the benefits of green 
credentials and absence of metal-associated toxicity. 
In this thesis, the copolymerization of CO2 with cyclohexane oxide (CHO) and oxetane using organo-
based catalysis is studied, respectively. The first project (Chapter II) focused on the preparation of poly 
(cyclohexane carbonate) from CHO and CO2 in presence of trans-cyclohexane diol and phosphazene 
superbase. The results reveal that the selectivity of oligocarbonate and its cyclic analogues (trans-
cyclohexane carbonate and cis-cyclohexane carbonate) can be tuned by changing the catalysis content. 
The unique product of cis-cyclohexane carbonate (98 mol% in selectivity) was obtained with 2 
equivalents of phosphazene (related to trans-cyclohexane diol) under a 0.1 MPa CO2, at 85 °C, after 24 
h, which opens perspectives for industrial fabrication.  The desired oligocarbonate (Mn = 1,040 g·mol-
1) was produced in presence of 8 equivalents of trans-cyclohexane diol (related to phosphazene), which 
can be used as the agent for chain extension.  
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The second project of preparing CO2-based polycarbonate focused on the copolymerization of CO2 
with oxetane using I2-based organocatalysis (Chapter III). After screening the co-catalyst and modifying 
experimental conditions (catalyst content and pressure), a poly (trimethylene carbonate) (PTMC) (Mn 
= 4,000 g·mol-1) with high carbonate content (up to 95 mol%) was produced in presence of I2 and 
guanidine superbase with a ratio of 1:1 under a 3 MPa CO2, at 105 °C, for 7 days. The mechanism study 
suggests that the in situ generated trimethylene carbonate is polymerized to yield PTMC following an 
active chain end mechanism. Such catalytic method provides a novel approach to prepare PTMC 
without metal trace in the product, which is interesting to the application of biomaterials. 
 Inspired by the insight of Chapter III that unique selectivity of trimethylene carbonate was 
produced using I2 and phosphazene as catalysis, the continuing work of the project was to study the 
synthesis of TMC from CO2 and oxetane using I2 and ionic liquid as catalysis. Up to 93 mol% selectivity 
of TMC with 93 mol% conversion of oxetane was observed in presence of I2 and tetrabutylammonium 
acetate as catalysis in dimethylformamide solution under a 3 MPa CO2, at 55 °C, for 96 h. Kinetic study 
and activation energy provide useful information for the further mechanism study and theoretical 
calculation. 
The fact that organocatalytic copolymerization of CO2 with oxygen-based heterocycles can deliver 
the final product without metal trace, is interesting to the chemical community. Because of its green 
valorization potential compared to its polluting metal counterpart, further investigations will be 
stimulated. In terms of coupling CO2 with oxetane to obtain TMC and corresponding polymer 
formation, the mechanism of such reaction is still unclear. Theoretical calculations would bring useful 
clues in combination with bench work to reveal it. Moreover, the pathway of polymerization of in situ 
generated TMC under high temperature should be explored in future. It will be interesting to introduce 
the trifluoroacetate as co-catalyst for the copolymerization process to figure out the exact initial step 
and fine structure of copolymer chain. The further investigation of preparing PTMC with high molar 
mass should focus on decreasing the moisture in reactions since the high purity of CO2 resource still 
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contains some moisture that promotes the chain transfer reaction and hence results in polycarbonates 
with the comparable low molar mass (< 10,000 g·mol-1). The gas purifying system could be applied to 
the reaction to handle such issue. Interestingly, the oxetane substrates such as 3,3-dimethyloxetane, 
3-phenyloxetane and 2-phenyloxetane, are capable to couple with CO2 yielding the corresponding 
cyclic carbonates using iodine/ionic liquid catalytic system. The preparation of polycarbonate from CO2 
and various oxetanes could be of high interest to develop polycarbonates with the high performance 
of mechanical properties. As iodine, a typical Lewis acid, has been applied as catalysis to oxetane 
activation, it would be interesting to introduce other metal-free Lewis acids such as boron-based 
compounds for the coupling of CO2 and oxetane. Recently, anionic polymerization of oxetane was 
reported recently using aluminium-based catalysis, it would be interesting to introduce CO2 as the 
building block to prepare PTMC under ambient CO2 pressure. 
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5.1 General comments  
5.1.1 Materials and methods 
All reagents and solvents were purchased from Sigma-Aldrich, TCI, Alfa aesar, Air Liquide and used 
as received, unless otherwise noted. 1,8-Diazabicyclo[5.4.0]-undec-7-ene (DBU, Sigma Aldrich, 98%), 
7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD, Sigma-Aldrich, 98%), cyclohexane oxide (CHO, 
Sigma-Aldrich, 98%) and oxetane (TCI, 98%) were distilled from CaH2 (Alfa aesar, 92%) and stored in a 
glove-box and glove-box freezer (-35 °C), respectively. 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD, 98%), 
trans-1,2-cyclohexanediol (trans-CHD, Sigma-Aldrich, 98%), and cis-1,2-cyclohexanediol (cis-CHD, 
Sigma-Aldrich, 99%) were dried by anhydrous tetrahydrofuran (THF) three times before the storage in 
glove-box. The white crystal of 1-tert-butyl-4,4,4-tris(dimethylamino)-2,2-bis[tris(dimethylamino)-
phosphoranylidenamino]-2λ5,4λ5-catenadi(phosphazene) (tert-Bu-P4) was obtained and storage in 
glove-box from tert-Bu-P4 hexane solution (Sigma-Aldrich, ~0.8 M in hexane) by removing the solvent 
under vacuum.  Tetrabutylammonium acetate (TBAAC, Sigma-Aldrich, 97%), tetrabutylammonium 
chloride (TBACl, Sigma-Aldrich, 97%), tetrabutylammonium bromide (TBABr, Sigma-Aldrich, ≥ 98%), 
tetrabutylammonium iodide (TBAI, Sigma-Aldrich, 98%), tetrabutylammonium benzoate (TBABz, 
Sigma-Aldrich, ≥ 99%), tetraethylammonium chloride (TEtACl) and tetramethylammonium chloride 
(TMeACl) were dried under vacuum at 120 °C for 3 h. Anhydrous solvents such as dimethylformamide 
(DMF), n-hexane and 1,4-dioxane was used as received from Sigma-Aldrich. Tetrahydrofuran (THF), 
dichloromethane (DCM), chloroform (CHCl3), dimethylacetamide (DMAc) and methylpyrrolidone 
(NMP) were distilled from CaH2 and stored in the glove-box. Toluene was distilled from sodium and 
storage in glove-box. All solvents, CHO and oxetane were thoroughly degassed, by performing several 
freeze-thaw cycles under vacuum, before use with reactions. High pressure reactions were carried out 
in an autoclave Suurmond BV, steel type 3/10 mL, 10 MPa. N50 grade CO2 (99.999%, H2O < 0.5 ppm) 
was used as received. 
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5.1.2 Measurements 
1H NMR spectra were measured at 298 K using 300 and 500 MHz advance Bruker spectrometer with 
tetramethylsilane (TMS) as an internal standard (δ = 0.00 ppm) in chloroform-d (CDCl3). Positive-ion 
MALDI-Mass Spectrometry (MALDI-MS) experiments were recorded using a Waters QToF Premier 
mass spectrometer equipped with a Nd:YAG (third harmonic) operating at 355 nm with a maximum 
output of 65 µJ delivered to the sample in 2.2 ns pulses at 50 Hz repeating rate. Time-of-flight mass 
analyses were performed in the reflectron mode at a resolution of about 10,000. All the samples were 
analyzed using trans-2-[3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) as 
matrix. That matrix was prepared as 40 mg·ml-1 solution in CHCl3. The matrix solution (1 μL) was applied 
to a stainless-steel target and air-dried. Polymer samples were dissolved in THF to obtain 1 mg·ml-1 
solution and 50 µL of 2 mg·ml-1 NaI solution in acetonitrile has been added to the polymer solution. 
Therefore, 1 μL of this solution was applied onto the target area already bearing the matrix crystals, 
and air-dried. For the recording of the single-stage MS spectra, the quadrupole (rf-only mode) was set 
to pass all the ions of the distribution, and they were transmitted into the pusher region of the time-
of-flight analyzer where they were mass analyzed with 1s integration time. Data were acquired in 
continuum mode until acceptable averaged data were obtained. Size exclusion chromatography (SEC) 
was performed in THF at 308 K using a Polymer Laboratories liquid chromatograph equipped with a 
PL-DG802 degasser, an isocratic HPLC pump LC 1120 (flow rate = 1 mL min-1), a triple detector: 
refractive index (ERMA 7517), capillary viscometry and light scattering RALS (Viscotek T-60) (Polymer 
Laboratories GPC - RI/UV) and four columns: a PL gel 10 μm guard column and three PL gel Mixed - B 
10 μm columns. Polystyrene (PS) standards were used for calibration. UV-Vis spectroscopic 
measurements were taken using a Perkin Elmer Lambda 25 instrument. 
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5.2 General procedure for the synthesis of carbonates  
5.2.1 General procedure for the synthesis of carbonates from CHO and CO2 as catalyzed 
by trans-CHD and tert-Bu-P4 
Synthesis of oligo-carbonates from CHO and CO2. The CO2-based carbonates were synthesized 
following the general procedure. In brief, a 10 mL Schlenk flask with magnetic stirrer was flame dried 
3 times before immediately being taken into a N2-filled glove-box. After the reactor had cooled to 
ambient temperature, the reagents, trans-CHD (40 mg, 0.344 mmol), tert-Bu-P4 (27.28 mg, 0.043 mmol, 
0.25 equivalent) and CHO (17.22 mmol, 1.74 mL) were charged to the flask. The flask was sealed, 
removed from the glove-box, placed in liquid nitrogen to be cooled down and degassed by nitrogen. 
CO2 was filled into the reactor after the flask was warmed up to room temperature via a Schlenk-line. 
The flask was heated to the desired temperature under CO2 atmosphere. After the allotted reaction 
time, the flask was again cooled by liquid nitrogen before the CO2 gas was released slowly. Aliquots of 
the coupling mixture were withdrawn for 1H NMR spectroscopic characterization to determine both 
overall conversion and selectivity. The residue of the mixture was dissolved in a small volume of THF 
(2 mL) and precipitated from n-hexane for oligo-carbonate purification. The resultant oligomer was 
dried under vacuum at 40 °C overnight (Yield = 0.04 g, 0.04 mmol, 8%).  
 
Synthesis of cis-cyclohexane carbonates from CHO and CO2. The experimental procedure followed 
the protocol of oligo-carbonate synthesis with 5.17 mmol CHO, 5 mol% catalyst loading (0.172 mmol 
trans-CHD with 2 equivalents of tert-Bu-P4). The pure cis-CHC was obtained as pale yellow needles 
after recrystallization from ethyl acetate-petroleum ether. (Yield = 454 mg, 3.2 mmol, 93%)  
1H NMR (500 MHz, CDCl3): δ 4.68 (m, 2 H, -CH), 1.91 (m, 4 H, -CH2-), 1.63-1.42 (m, 4H, -CH2-). 13C 
NMR (125 MHz, CDCl3): δ 155.4 (C=O), 75.7 (CH), 26.5 (-CH2-), 18.9 (-CH2-). 
 
 
Experimental section 
 
 
 
147 
5.2.2 General procedure for the synthesis of carbonates from CO2 and oxetane using 
iodine-based catalysis.  
 
Synthesis of poly (trimethylene carbonate) from CO2 and oxetane using iodine and guanidine 
catalytic system. The CO2-based copolymers were synthesized following the general procedure. In 
brief, a 10 mL pressure reactor (Autoclave Suurmond BV, steel type 3/10 mL, 10 MPa) with magnetic 
stirrer was dried in an oven at 70 °C overnight before immediately being taken into a N2-filled glove-
box. After the reactor had cooled to ambient temperature, the reagents, I2 (50 mg, 0.197 mmol), co-
catalysts (see text) and oxetane (7.88 mmol, 0.512 mL) were charged to the vessel. The vessel was 
sealed, removed from the glove-box and placed in liquid nitrogen to be cooled down. CO2 was 
condensed into the reactor while cold via a Schlenk-line until the appropriate pressure was achieved. 
The reactor was sealed again and heated to the desired temperature. After the allotted reaction time, 
the reactor was again cooled by liquid nitrogen before the CO2 gas was released slowly. Aliquots of the 
polymerization mixture were withdrawn for 1H NMR spectroscopic characterization to determine both 
overall conversion and selectivity. The residue of the mixture was dissolved in a small volume of THF 
(5 mL) and precipitated from methanol. The resultant copolymer was dried under vacuum at 40 °C 
overnight (Yield = 0.58 g, 0.125 mmol, 86%). When catalyst = TBD (0.197 mmol, 0.0274 g): 1H NMR (500 
MHz, CDCl3, 298K): δ 4.29 (t, 2H, 3JHH = 6.0 Hz, -CH2), 4.23 (t, 4H, 3JHH = 6.0 Hz, -OCH2), 3.73 (t, 2H, 3JHH 
= 6.0 Hz, -CH2), 3.49 (t, 4H, 3JHH = 6.3 Hz, -OCH2), 2.04 (quint, 2H, 3JHH = 6.3 Hz, -CH2), 1.92 (quint, 2H, 
3JHH = 6.3 Hz, -CH2), 1.82 (quint, 2H, 3JHH = 6.3 Hz, -CH2). 13C NMR (125 MHz, CDCl3) δ 155.07 (C=O), 64.45 
(-O-CO2-CH2-), 67.18 (-O-CH2-CH2-), 29.21 (-O-CH2-CH2-), 28.23 (-CO2-CH2-CH2-). SEC (THF): Mn = 4630 g· 
mol-1, ÐM = 1.32. 
 
Synthesis of trimethylene carbonate from CO2 and oxetane using iodine and ionic liquid catalytic 
system. The experimental procedure followed the protocol of poly (trimethylene carbonate) synthesis. 
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In brief, a 10 mL pressure reactor (Autoclave Suurmond BV, steel type 3/10 mL, 10 MPa) with magnetic 
stirrer was dried in an oven at 70 °C overnight before immediately being taken into a N2-filled glove-
box. After the reactor had cooled to ambient temperature, the reagents, I2 (50 mg, 0.197 mmol), co-
catalysts (TBAAc, 29.7 mg, 0.098 mmol, for example), oxetane (4.92 mmol, 0.320 mL) and solvent (DMF, 
0.320 mL, for example) were charged to the vessel. The vessel was sealed, removed from the glove-
box and before being placed in liquid nitrogen to be cooled down. CO2 was condensed into the reactor 
while cold via a Schlenk-line until the appropriate pressure was achieved. The reactor was sealed again 
and heated to the desired temperature. After the allotted reaction time, the reactor was again cooled 
by liquid nitrogen before the CO2 gas was released slowly. Aliquots of the polymerization mixture were 
withdrawn for 1H NMR spectroscopic characterization to determine overall conversion and selectivity. 
The residue of the mixture was dissolved in a small volume of CH2Cl2 (5 mL) and passed through silica 
gel. After the evaporation of under vacuum, the residue was recrystallized two times from 
concentrated THF solution to cold diethyl ether. (Yield = 0.47 g, 4.6 mmol, 81%). 1H NMR (500 MHz, 
CDCl3) δ 4.46 – 4.44 (t, 4H, 3JHH = 5.7 Hz, -O-CH2-CH2-), 2.27 – 2.08 (quintet, 2H, 3JHH = 5.7 Hz -CH2-CH2-
CH2-). 13C NMR (125 MHz, CDCl3) δ 148.25 (C=O), 67.72 (-O-CH2-CH2-), 21.51 (-CH2-CH2-CH2-). 
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